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A bstract

TH E E F F E C T O F A R C TIC RIV ER HYDROLOGICAL CYCLES
ON A R C TIC OCEAN CIRCULATION
P eter Becker
Old Dominion University, 1995
Director: Prof. Larry P. Atkinson

U nderstanding A rctic Ocean circulation m ay be critical to fully understanding
the global oceanic salt and heat cycles and their response to climate variability.
This thesis examines how one im portant aspect of Arctic Ocean circulation, the
effect of freshwater inflow, m ay contribute to the variability of these cycles. The
m ultiple roles th a t freshw ater runoff performs in the Arctic Ocean include: 1)
the form ation of shelf and basin scale density currents; 2) m aintenance of the
strong density stratification; 3) control of the thickness and strength of the ice
pack; and 4) control of deep convection. Sources and sinks of freshwater in the
Arctic include: shoreline discharge as point and non-point runoff; influx through
Bering, Fram a n d /o r other straits; perm afrost erosion; precipitation; form ation
and m elting of glacial and sea ice shelf mixing and efflux through Fram S trait and
the C anadian Archipelago. W ith newly acquired data, the annual runoff discharge
cycle for m ost of the A rctic rivers for th e 50 years up to 1987 and the Bering
S trait freshwater flux for th e years from 1943 to 1987 have been quantified. For
the period 1973 to 1987, where d a ta for most Arctic rivers overlap, the estim ated
m ean annual discharge is 2646 km 3 y r-1 with a standard deviation of 150 km 3
y r-1 and a coefficient of variation of 0.06.
U nderstanding the effect of freshwater inflow is necessary because variation
in annual inflow of freshwater to the Arctic could im pact deep convection in the
northern N orth A tlantic. T he d a ta has been utilized in a numerical model of the
Arctic mixed layer to establish a residence time for freshwater in the Arctic and to
explain th e am biguity of previous residence times derived from tracer studies. The
model results show th a t the freshw ater outflow from the Arctic Ocean is generally
insensitive to small observed interannual variations in Arctic freshwater inflow, but
that' a large enough variation m ay be a p art of the conditions for the production
of surface salinity anomalies in th e northern N orth Atlantic.
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C hapter 1. Introduction
When innovation appears, it will almost certainly be
in a muddled, incomplete and confusing form .
To the discoverer himself, it will be only half understood;
To everybody else it will be a mystery.
For any speculation
which does not at first glance look crazy,
there is no hope.
Freeman Dyson (1923-)

U nderstanding A rctic Ocean circulation is critical to fully understanding the large
scale oceanic salt an d heat cycles. T his dissertation examines one im p o rtan t aspect
of A rctic Ocean circulation: the effect of freshwater inflow variation. T he multiple
roles th a t freshwater runoff performs in the Arctic Ocean include: 1) formation
of shelf and basin scale density currents; 2) m aintenance of th e strong density
stratification; 3) control of th e thickness and strength of th e ice pack; an d 4) control
of deep convection.
To study the effect of freshw ater inflow variation requires th e definition of
sources and sinks.

Sources of freshw ater in the A rctic include: influx through

Bering, Fram and other straits; river runoff; perm afrost erosion; precipitation and
form ation and m elting of glacial an d sea ice.

Sinks of freshwater include shelf

mixing; cross-shelf and offshore distribution and; efflux through F ram S trait and
th e Canadian Archipelago (Nansen, 1902, 1914; Sverdrup, 1950; Antonov, 1958;
Coachm an, 1962; Dickson et al., 1988; Aagaaxd and Carm ack, 1989).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2

U nderstanding th e effect of freshwater inflow is necessary because two globally
im portant processes in th e Arctic (baroclinic currents and deep convection) are sig
nificantly affected by freshw ater inflow. Freshwater inflow m ay be the controlling
factor in T rans-Polar D rift, and freshwater outflow through Fram S traits may sig
nificantly affect deep convection in th e N orth Atlantic. Thus, if freshw ater effects
are im portant, the short and long term trends and the effect of those trends on
oceanographic processes m ust be known.
This is a two fold dissertation. The first p a rt analyzes newly available runoff
d a ta so th a t b o th the long term trends and short term variability are b etter un
derstood. T he second p a rt incorporates the new runoff d a ta as forcing in a simple
1-dimensional box model. The 1-dimensional model will be used to establish basin
scale response to actual tim e varying forcing by freshwater flux. Comparison with
available values of w ater mass age, flow volume and surface layer properties for the
Arctic are used to examine the validity of this model.
The following chapters review th e history of Arctic Ocean circulation stud
ies. A discussion of freshwater inflow d ata follows next along w ith techniques used
to analyze it. Finally, a 1-dimensional model of th e Arctic mixed layer and halocline forced w ith th e freshwater inflow d ata is described and used to determ ine the
residence tim e and vertical distribution of freshwater in th e A rctic Ocean. The
conclusion includes a discussion of th e findings, a review of sources of uncertainty
and prospects for future studies.
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C hapter 2. R eview o f A rctic O ceanography
Accepting the deductions o f m any learned physicists
that the sea about the North Pole cannot be frozen,
that an open area of varying extent m ust be found
within the ice-belt which is known to invest it,
I desire to add to the proofs which had already been
accumulated by the early Dutch and English voyagers,
and, more recently, by the researches o f Scorsby, Wrangle
and Parry, and still later by Dr. Kane ’s expedition.
Isaac I. Hayes (1832-1881)

This chapter presents a sum m ary of how ideas about th e Arctic Ocean, its circu
lation, ice cover and w ater properties have evolved during preceding centuries. It
shows th a t it is necessary to re-examine th e flux of fresh w ater to the Arctic Ocean
and its role in term s of at least the following: its physical im plications for th e for
m ation and modification of currents; th e clues it may provide as a signal of global
warming; its potential role as a controlling factor in th e ventilation of th e world
ocean depths; and it as a m edium of pollutant transport into th e Arctic ocean.

2.1 Polar Land or Polar Sea

The present concept of Arctic Ocean circulation is based to a large p a rt on a
series of discrete, often exciting, and sometimes fatal expeditions. The initial con
cepts of the Arctic Ocean and its circulation were somewhat different from w hat is
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known today. Knowledge of th e southern routes to th e O rient around th e C ape of
Good Hope and Cape Horn along w ith a Pythagorean derived belief in global sym
m etry prom pted th e search for a n o rth ern route utilizing these currents. However,
the political and economic pressures directing exploration shifted from a “N orth
east Passage” to the O rient to a “Northwest Passage” and finally to the search for
new territorial claims in th e North. In th e la tter half of th e 19th century th e goal
became attain in g th e N orth Pole itself.
Two opposite b u t erroneous hypotheses dom inated thought on the A rctic region
and its w ater circulation in the 19th century: th e “great northern landm ass” and the
“open P olar Sea” . Under the landm ass theory, the N orth Pole was held to be on a
landm ass like its antipode, A ntarctica. T he land m ass was thought to be triangular
and to extend from near Bering S trait, where W rangel Land (on American m aps)
or K ellett’s Land (on B ritish m aps) lay, to th e southern tip of Greenland. T he third
corner of th e land mass was thought to be th e island group of Spitsbergen, then
thought to be a land bridge connected to E urasia via the W hite Sea and known as
E ast Greenland. Poorly resolved longitude a t high latitudes further confused the
area and position of th e land masses.
G reenland h ad been known to th e Irish from before 600 A.D. (Cheney and
Partridge, 1979). Land no rth of Siberia had been seen by B ritish C aptain Henry
K ellett in 1849 to th e west of the island he landed on and nam ed after his ship the
H ERALD . Later, in August, 1867, a Yankee whaler, Thom as Long, sailed along
the south shore of this land. Due to th e pro-R ussian, anti-B ritish sentim ent in the
United States brought on by foreign alliances formed during th e recent Civil War,
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Long, rath er th a n recognize th e prior British claim of K ellett’s Land, suggested the
nam e Wrangle L and after Ferdinand von Wrangle, a Swede in R ussian service who
had earlier searched the area in vain. Later sightings of land to th e west of Ellesmere
Island by R obert E. Peary ( “Crocker Land” ) in 1907 or Cook in 1908 ( “Bradley
Land” ) (both nam ed for rich benefactors of the explorers) kept th e concept alive.
Despite constant discovery of errors in this geographic conceptualization, the
landmass theory persisted. T he existence of a land mass said to extend from Siberia
northw ard was partly disproved by De Long when he sailed n o rth of Wrangle Island
and surveyed H erald Island, proving them insular and not p a rt of a more northern
landmass (De Long, 1884). In 1892 Peary and th e Norwegian Eivind A strup sledged
across the coast of northern G reenland proving it was insular an d not a peninsula of
a greater Arctic continent. Finally, in 1909, R obert E. Peary sledged to the N orth
Pole and found no land. However, even in th e light of th e air explorations of the
1920-1950 period and the experience on the early American ice statio n T-3, it took
the trans-A rctic voyage of th e nuclear subm arine N A U T IL U S in 1958 and th a t of
the S K A T E in 1959, under Com m ander James Calvert, to p u t to rest the concept
of a surface or submerged “great northern land m ass” which m ight have blocked
the flow of currents in the A rctic (Stefansson, 1960).
T he second concept was th a t of th e “open Polar sea” espoused by Dr. Isaac I.
Hayes and form ulated on his observations and theories of earlier explorers (Hayes,
1885).

This theory held th a t the Arctic was com prised of a band of ice some

hundreds of kilometers wide surrounding an open sea, possibly d o tted with islands.
This hypothesis was supported by the growing num ber of observations of northw ard
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flowing currents in b o th th e Atlantic and Pacific Oceans.
Early expeditions, dating back a t least to Columbus in 1477, recognized and
utilized the existence of th e system of currents extending n o rth to th e Norwegian
Sea from the N orth A tlantic Ocean (Stefansson, 1960). W hile th e eastern Arctic
was opened to exploration as early as 1556 when Stephen Borough was sent out from
England to find a sea route to the Ob River, it was not until 1594 th a t William
B arents first entered th e K ara Sea sailing for the D utch in search for th e “N ortheast
Passage” to China. It was not until much later in 1878 th a t B aron Nils Adolph
Erik Nordenskjold completed the tran sit of the N ortheast Passage on the VEGA.
At the sam e tim e th a t Nordenskjold was finishing th e N ortheast Passage, one
of th e last of th e 19th century “expeditions of discovery” aim ed a t attaining the
Pole was starting: George W. De Long’s ill fated J E A N N E T T E expedition. De
Long followed th e tenets of Augustus Peterm ann, a leading geographer of the time.
P eterm ann suggested th a t the Arctic consisted of either a m edium sized land mass
or a shallow basin d o tted w ith islands and kept ice free for much of the year by warm
w ater from th e “K uro Swio” (presently Kuroshio) or “Black C u rren t” flowing from
the Pacific via th e Bering Strait (De Long, 1884; G uttridge, 1986). Any movement
of th e Arctic ice from th e Bering S trait, while probably blocked by land or the
m any islands, was thought to be tow ard th e N orth Pole (De Long, 1938). The
K uro Swio concept originated with th e American oceanographer Silas Bent who
conducted hydrographic surveys of th e Far E ast after serving as flag lieutenant to
Commodore M atthew Perry in his expedition to Jap an in 1852 (Bent, 1870). Any
currents were thought to be slow and m eandering as in m any o th er archipelagos.
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Scientific observations from th e explored periphery were utilized in late 19th
century attem pts to determ ine th e n atu re of the central Arctic and its circulation.
The tidal excursion on th e Alaskan coast of the central Arctic Basin was known
to be very small (less th a n 0.5m) from the expeditions of Cook, Wilkes and the
m any others who had m ade m easurem ents in the A rctic prior to th e end of the
19th century, and thus tidal currents were not thought to be a m ajo r factor in
the circulation.

Rollin A. H arris, a tidal expert w ith th e U nited States Coast

and Geodetic Service, utilized th e observed tidal ranges along th e Alaskan coast
to continue th e hypothesis of an extensive land mass located between the North
Pole and Alaska. In th e early 1920’s H arris’s work was refuted by tid al observations
gathered by H arald Sverdrup from th e M A UD over th e Siberian shelf (Harris, 1911;
Sverdrup, 1950). The discovery of the Lomonosov and A lpha Ridges by Russian
oceanographers of th e 1930’s and 1940’s and later nuclear subm arine voyages of the
1950’s revealed th a t H arris’s work was essentially correct and th a t th e Lomonosov
Ridge was th e source of th e observed tidal affects. D eterm ination of th e nature of
currents in th e central Arctic Basin would have to await direct measurement.
It was not until th e discovery of parts of the wreck of th e J E A N N E T T E and
personal belongings of her crew on an ice floe off the southwest coast of Greenland
in 1884 th a t th e theory th a t an ice floe might traverse th e “Polar Sea” was advanced
by Professor H. Mohn, later the director of the Norsk Polar In stitu te in Oslo and
one of th e originators of the theory of density driven currents (Sverdrup, 1950;
Defant, 1961). Mohn collected other anecdotal evidence from th e shores of east and
west G reenland to corroborate his theory. This evidence included Alaskan Eskimo
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artifacts, as well as th e trunks of species of trees known to exist only along the
rivers of Siberia. Unfortunately, the evidence was not conclusive. Critics argued
th a t there were o th er potential p ath s such as Nares Strait an d Barrow S trait west
of G reenland thought to lead n o rth to the Arctic Ocean. Like m any innovative
hypotheses, it raised more questions th a n it cleared.
It took Fridtjof N ansen’s F R A M 1893-1896 expedition, inspired by collabo
ration w ith Mohn, to establish th e existence of a perm anently ice covered Arctic
Ocean and th e two points th a t have been the basis for all m odern theories of the
circulation in th e central Arctic Basin and surrounding seas: 1) th e existence of a
deep basin in th e central Arctic, an d 2) th e im portance of b o th the flows of the
m ajor Siberian rivers and the wind field in creating and m aintaining th e movement
of the ice and m ajor w ater masses in the Arctic (Nansen, 1897; 1902). Even with
N ansen’s evidence, airship expeditions by Elsworth and Nobile in 1926 and 1928
and m any others over the next 30 years sought new land in th e A rctic Ocean.
The existence of a deep basin was so unexpected th a t N ansen’s otherwise nearly
perfect planning failed to provide sounding capability for depths greater than 1900
m . D uring th e early weeks of th e expedition, a new sounding cable was fabricated by
re-laying strands of a larger steel cable into a smaller diam eter one (Nansen, 1897).
Soundings were m ade in eleven locations to depths ranging from 3400 to 4000 meters
along w ith hydrographic m easurem ents (Nansen, 1902). These soundings are held
to be one of th e m ost im portant geographical findings of th e F R A M expedition
since they all b u t elim inated th e possibility of more land masses in the central
Arctic Basin. In lieu of a Polar Ocean concept requiring crowds of islands, this new
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finding supported the existence of a tran s-P o lar current or system of currents and
gyres th a t have come to be know as the B eaufort Gyre (BG) an d Trans-Polar Drift
(T PD ) (Sverdrup, 1950). W hile b o th the BG and the T PD are frequently depicted
simplistically (Figure 1), they actually consist of a complex of m eanders an d gyres
with b o th surface and subsurface expressions as shown by th e drift tracks of ships
and ice stations (Figure 2, 3).
As p a rt of F R A M ’s voyage, many observational program s were carried o u t to
characterize th e forces th a t created the circulation th a t N ansen hypothesized would
carry them across the Arctic. N ansen’s hydrographic m easurem ents indicated a near
freezing perm anent Arctic surface mixed layer of seasonally varying thickness and
salinity (< 33.5 ); a sharp density transition or pycnocline between 100 m and 200
m; a layer between 300 m and 800 m of somewhat warmer w ater (> 0°C') determ ined
to be of A tlantic origin from its salinity (~ 34.7) and tem p eratu re characteristics;
and a bottom layer then thought to originate in the Norwegian Sea because of the
characteristic salinity of 34.94 (Nansen, 1902). These features can be seen in Figure
4 which shows typical vertical tem perature an d salinity stru ctu re for the Eurasisn
and C anadian basins of th e central Arctic Ocean. F R A M ’s drift course to th e south
of the center of the Arctic Basin may have lead to the conclusion th a t th e salinity
increased steadily toward th e entrance between Greenland and Spitsbergen (Figure
3). Later drift courses of th e M AU D , SE D O V and the ice statio n NP-1 on a more
northerly track dem onstrated th e presence of a consistent low salinity surface layer
th a t forms a geostrophic surface outflow on th e west side of F ram S trait an d th e
east coast of Greenland again shown in Figs. 1, 2, 3.
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Figure 1.

Circulation of the Arctic Ocean: T he m ajo r gyres and

currents (from Anonymous, 1970).
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Figure 2.

Circulation of th e Arctic Ocean: M ean flows driven by

b o th atm ospheric circulation and buoyancy flux from fresh w ater flows
through the Bering S trait and from th e m ajor rivers.

T he m ajor

features reflect ship and ice station drift tracks (from Tchernia, 1980).
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Figure 3. Tracks of several observed drifts in the A rctic Ocean (from
Tchernia, 1980).
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N ansen’s identification of a perm anent A rctic surface m ixed layer of seasonally
varying thickness isolating th e deeper A tlantic layer and b o tto m waters from the
ice pack and atm osphere h ad significant consequences for th e development of later
hypotheses regarding ice an d w ater movement (Sverdrup, 1950; Defant, 1961). The
Arctic mixed layer seasonally extends to cover much of the area of the surrounding
continental shelves. Over th e Siberian continental shelf the surface mixed layer is
about 30 m thick, and th e pycnocline is about 10 m thick. Here, th e salinity change
across the pycnocline is over 5 (from < 29 to > 33), and the tem perature increases
a few tenths of a degree. This results in change of about 3 a t units which effectively
decouples th e surface layer from the underlying layers (Sverdrup, 1950).
Over th e Canadian and Makarov Basins th e depth of th e pycnocline deepens to
about 150 m. A rather ab ru p t transition takes place across th e Lomonosov Ridge
w ith the pycnocline depth first decreasing to less th an 120 m and then increasing to
> 170 m in th e Amundsen B asin (Bjork, 1989; Anderson and Carlsson, 1991). Here
again, the surface layer is decoupled from th e underlying layers, b u t the Lomonosov
Ridge still seems to act as a barrier to flow. However, the later inform ation was not
available to Nansen and, while he associated th e low salinity of the Arctic surface
mixed layer w ith river runoff from the shelves, his focus tended tow ard th e effects
of wind on surface drift th a t he observed.
A nother factor th a t was not appreciated by Nansen was th a t the stability of
the central A rctic mixed layer is nearly n eu tral over most of th e year, and thus
vertical mixing could be intense. In the pycnocline turbulence ceases. In Figure
4, in the A rctic pycnocline (about 50 m to 150 m ), the density changes, prim arily

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

14

due to th e rapidly increasing salinity, from 24 to 25.5 in th e Arctic surface mixed
layer to over 27.7 in th e A tlantic layer. This change in salinity is accompanied by
an sim ultaneous increase in tem perature from about -1.8°C to above 0.5°C. In the
Arctic pycnocline, if a particle of w ater is raised (lowered) in the w ater column it
cools (warms) b ut gets less (more) salty and thus will have have the sam e density
for reasonably large displacements. Com pensating tem perature and salinity result
in strong stratification so turbulence and vertical m ixing will be strongly dam ped.
Thus the surface mixed layer along w ith th e ice in it acts as an elastic sheet w ith a
free slip surface at th e pycnocline (Defant, 1961).
The strong pycnocline also truncates th e depth of th e Ekm an layer (Defant,
1961). As a result, only the top 150 m of th e Arctic Ocean central basin appears
to be affected by atm ospheric forcing and th e form ation of runoff forced baroclinic
currents (W yle, 1968; Treshnikov and B aranov, 1973). T he value of 150 m is close
to the theoretical Ekm an depth, D g , or depth of frictional influence:

D e = *(2A zl\f\yl

where A z

=

(1)

10-1 m 2s -1 is th e vertical eddy viscosity appropriate to the upper

ocean and | / | = 1.45 x 10-4 is the absolute value of th e Coriolis param eter.
F urther, while mixing in the surface layer can be intense, the Arctic pycnocline
is a barrier to deep therm ohaline mixing. Due to th e low surface salinities, deep
water cannot be formed in the central A rctic Basin. This is in contrast to th e coastal
areas of th e Southern Ocean, the Weddell Sea or p arts of the Greenland Sea where
a strongly stratified surface layer is usually absent and therm ohaline convection
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driven by surface cooling p enetrates to th e bottom . In these seas th e Ekm an depth
is not tru n cated by a strong pycnocline as it is in th e central A rctic Basin.
However, while N ansen’s hydrographic observations did not answer some ques
tions regarding th e circulation in the Arctic, they did lay th e ground work for
all subsequent studies and defined th e Trans-Polar Drift. T he drift of the F R A M
became a model for a num ber of subsequent expeditions.
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Figure 4. Typical A rctic Basin tem perature and salinity sections. T he
vertical salinity distribution in th e Arctic is quite consistent th ro u g h 
out the Arctic. T he solid line shows the vertical tem p eratu re d istri
bution in the E urasian Basin, th e short dashes are for the C anadian
Basin and the long dashes are th e mean vertical tem p eratu re d istri
bution for the A rctic Ocean (from Tchernia, 1980).
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Figure 6. Circulation of th e A rctic Ocean: 5 m and 100 m dynam ic
height derived currents (ref. 2500 m) for 1955-6 (from Treshnikov and
Baranov, 1973).
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Figure 5. C hart of the m ean dynamic sea surface height relative to
a 2500 m surface w ith flow contours, constructed by V. T. Timofeev
using d a ta for 1939-1956 (From Fel’zenbaum, 1958).
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2.2 Ice D rift and D rift Currents

N ansen’s observations of ice m otion relative to the wind during th e F R A M
1893-96 expedition lead to E km an’s seminal work on wind driven ocean circulation.
However, th e observations also lead to a controversy th a t has only been partially
resolved: th e relative roles of atm ospheric and baroclinic forcing on th e current
systems in the Arctic. Nansen noted th a t the m otion of th e ice was some 28° to
the right of the wind direction and at about 0.02 of th e wind velocity (Nansen,
1897). Later, observations by Sverdrup (1929) from the

M AU D in 1928 showed

th a t th e angle of deflection varied w ith season, from an April m inim um near 17°
to an A ugust m axim um of 40°. B oth of the drift angles lie considerably under the
theoretical 45° deflection of E km an’s theory. The ratio of wind speed to ice drift
also varied w ith season from 0.014 in April to 0.024 in August. Nansen concluded
th a t “ice resistance” (i.e. pack ice acting as a viscous fluid) could not be ignored,
and one of its effects m ust be th e smaller th an expected deflection angle observed
(Nansen, 1897, 1902).
Some of N ansen’s ice drift m easurem ents were unsuitable for precise calcu
lations of ice drift components since they included a component of a perm anent
surface current probably unknown to Nansen (Defant, 1961). Nansen h ad left the
F R A M to try to reach the N orth Pole by sled before the ship reached th e area
of accelerated drift due to the density currents present. These same currents were
to carry Nansen south faster th a n he could traverse th e TPD and kept him from
reaching th e N orth Pole. O tto Sverdrup, who served as N ansen’s captain on the
FRAM , m ade observations from th e M AUD later in 1925 on th e N orth Siberian
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Shelf in an area free from drift currents. Thus, Sverdrup was able to develop a
com plete theory of wind forced ice drift th a t is applicable to th e A rctic Ocean (De
fant, 1961). Sverdrup’s theory for w ind forced ice drift, along w ith th e earlier work
of Ekm an, M ohn and Nansen, was modified by Shuleikin in 1938 to include the
balance of b oth the atm ospheric, hydrostatic and planetary forces present through
out the Arctic and forms th e basis for m ost present work on ice drift in th e Arctic
(Shuleikin, 1954; Reed and Campbell, 1962; Thorndyke and Colony, 1982). These
studies establish th a t long term ice drift can be used as a surrogate m easure for
density current velocity if th e com ponent of wind forced drift can b e accounted for
and removed.

2.3 A rctic Ocean B alance o f Forces

P erhaps far more th a n in any other environment, ocean current system s in the
central Arctic m ust be studied as an integrated air/sea system. This is because the
seasonal ice cover m odulates th e a ir/s e a interactions. F urther, seasonally varying
stratification due to regional runoff an d ice melt variation partially decouple the
ice and surface layers from underlying waters. In tem perate oceans, currents have
been classified as forming three groups: density driven, wind driven an d tidal or
internal wave driven (Sverdrup et al, 1942). Over th e central A rctic Basin there is
a virtual absence of tides and tidal currents, and recent experim ents have noted the
lack of internal wave activity (Kowalik and Proshutinsky, 1993; Treshnikov, 1985).
This leaves either wind, density or a com bination acting b o th on and through the
sea ice, as forcing for currents in the central Arctic.
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Several authors have hypothesized th a t the only currents present in th e central
Arctic axe those derived from wind forcing (e.g. Nansen, 1902; Drogaitsev, 1958;
Sereze et a l, 1992). D rogaitsev’s work hypothesizing purely wind driven currents in
the central Arctic Basin reproduces th e m ean circulation present in th e Arctic, but
at velocities th a t are too high by a factor of 25% or more (e.g. 0.042 m sec-1 pre
dicted vs 0.031 m sec-1 observed by F R A M , S E D O V and the P apanin Expedition
(Drogaitsev, 1958)). The older observed values are also closer to m ore recent values
derived by Thorndyke and Colony (1982) from drifting buoys. N ansen’s drift on
the F R A M pre-dates the m odern theory of density driven flows. W hile this theory
was started by M ohn in 1885-1887, it was developed through the atm ospheric m od
els of Bjerknes an d later by workers including Nansen and Helland-Hansen (1909).
Though Nansen frequently mentions th e effects of large Siberian river flows on the
m arginal seas, he was prim arily concerned w ith their effect on ice cover (Nansen,
1897; 1914).
Present theory holds th a t the density driven circulation in th e A rctic results
from the large volume of terrestrial runoff (0.1-0.3 Sv, 1 Sv = 106 m 3 s _1) and
low salinity w ater entering through Bering S trait (0.6-1.1 Sv) (Antonov, 1958;
Fel’zenbaum , 1958; Thorndyke and Colony, 1982). In Figure 5 and in the 5 m
level in Figure 6 the observed and calculated currents in the central A rctic can be
seen. T he influence of flow from the shelves on th e dynam ic height field can be
seen as greater dynam ic height values in Figure 5 near 60°E and 120°E longitude
and anticyclonic circulation loops in Figure 6 particulaxly near 80°E and 100°E
longitude (Treshnikov, 1973).
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Recent work emphasizes atm osphere/ice ocean interactions. Both Sereze et al.
(1992) and M anak and Mysak (1989) cite anom alous decreases in th e w inter anticyclonic atm ospheric circulation p a tte rn during 1966-1971 over th e central Arctic
Basin relative to th e surrounding land masses (i.e. relative increases in cyclonic ac
tivity). They correlated th e cyclone/anti-cyclone activity w ith peaks in Mackenzie
River flow, citing them as a possible cause of excess ice flux through Fram S trait
from wind forcing alone. They hypothesize this ice flux created the salinity anomaly
in the northern N orth A tlantic observed over the next decade (Dickson et al., 1988).
Their work points out th e previous limits on d ata availability. Both Sereze et al.
(1992) and M anak and Mysak (1989) did not consider th a t this period was also a
relatively low flow period for the m ajor Eurasian rivers during which the Lena, the
Ob and Yenisei discharges drop to more th an 1 stan d ard deviation below the 50
year m ean for two or more years following four years of high flow a t similar levels.
These two river groups make up about 70% of the total riverine fresh w ater flux to
the Arctic Ocean (Antonov, 1958). Such a reduction would represent a reduction
of about 15% each year in the total riverine freshwater discharge and hence in the
riverine buoyancy flux to th e Eurasian Basin of th e Arctic Ocean and ultim ately to
the Greenland Sea.
Sereze et al. (1992) do acknowledge the possibility of local forcing other th a n
wind stress as being im portant in producing the observed anomaly. Thus, while
local and regional wind stress is im portant, freshwater runoff m ust be present to be
moved by the wind stress. Since the annual variation in the volume of freshwater
from river flux is independent from the local and regional wind field, buoyancy flux
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from runoff could be th e additional local forcing.
Previously, ice stations and ships drifting w ith th e ice had no means of mov
ing relative to th e w ind or current while in th e ice. This precluded direct m ea
surem ent of density driven currents in the Arctic. T he m ethods to determ ine the
m agnitude of density driven currents existed, had hydrographic observations been
available w ith sufficient resolution in time and space (Helland-Hansen, 1905). Such
observations were being gathered across th e central A rctic Basin between 1934 and
1954 by Soviet Russian oceanographers from over 50 drifting ice stations. Also
at this tim e, Shuleikin’s 1938 work on th e balance of forces in ice drift became
available in English translation, enabling its wider dissem ination and application in
the experiments conducted during the International Geophysical Year (IGY) 1956-7
(Shuleikin, 1954).
D uring th e period from th e 1950’s and early 1960’s, Russian scientists deter
mined th a t perm anent currents account for 50% - 80% of th e general ice drift in the
Arctic and winds for only 20% - 50% (Gudkovich and Nikiforov, 1965; Treshnikov
and Baranov, 1973). By 1958, enough d ata from drifting ice stations had accumu
lated for V. T . Timofeev to m ap th e long term m ean dynam ic height field for th e
Arctic Basin (Fel’zenbaum , 1958; Shuleikin, 1954); (Treshnikov and Baranov, 1972).
Figure 6 depicts Timofeev’s (1958) m ean annual surface circulation calculated from
dynam ic heights relative to a 2500 m level of no motion. Much of the d ata were
used by Treshnikov and Baranov (1972) 14 years later.
Finally, in 1977, th e Soviet ice breaker A R K T I K A

m ade th e first oceano

graphic cruise to th e N orth Pole, heralding a period of m odern oceanographic sec
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tions from ships th a t extends to the present day. Because of these studies, rath er
th an a ttrib u te th e m otion of ice and w ater in th e Arctic at tim e scales of one day
and longer to a single forcing, a balance between th e wind stress on the w ater sur
face, the wind stress on th e ice, ice stress on th e water surface, “sea surface tilt”
(barotropic pressure gradients and internal density gradient) an d Coriolis force is
indicated (Reed and Cam pbell, 1962; Thorndyke and Colony, 1982). The lim ited
num ber of samples available an d their seasonal distribution m ay bias this result,
but the near future release of b o th subm arine d a ta and extensive Russian historical
hydrographic d a ta should help resolve th e distribution, seasonality and frequency
problem w ith Arctic sampling.
Development of a description of the m ean circulation in th e Arctic has been
partly verified by m any m eans: density sections, water mass analysis, Lagrangian
drifters (m anned ice islands and ships, shipwrecks and satellite tracked buoys) and
Eulerian m easurem ents (relative currents at ice stations, ships and regular bottom
moored m easurem ents) (Fel’zenbaum, 1958; Reed and Cam pbell, 1962; Treshnikov
and Baranov, 1972; Thorndyke and Colony, 1982; Thorndyke et al., 1981-1990; An
derson, 1989, 1991; A agaard, 1981). Several features seem to be stable enough to
suggest th a t baroclinic forcing of the Arctic Ocean may be successfully analyzed
and modeled utilizing existing Russian d a ta sets as they become available (eg. anticyclonic circulation features n o rth of the Tam yr Peninsula; see Fig. 6 5m level near
80°N 100° - 120°E). U ntil th a t time, two program s th a t began in 1975 and 1979,
the A IDJEX (Arctic Ice Dynamics Joint Experim ent) an d F G G E (First Global
GARP Experim ent), have continued distributing a series of autom ated, satellite
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tracked drifting buoys in the A rctic which supply d a ta for b oth drift analysis and,
less frequently, upper ocean salinity and tem perature data.
W ith up to 50 buoys d istributed at random (both by chance a n d design) about
the Arctic Ocean between 1978 and the present, it has been possible to determine
th a t only about half of the average ice motion (several m onth average) can be
attrib u ted to th e geostrophic wind calculated from th e atm ospheric pressure field.
Forcing by geostrophic winds does not seem to be th e cause of th e rem ainder of the
average m otion, along w ith about half of the large scale ice vorticity and shear and
all of the large scale divergence (Thorndyke and Colony, 1982).
The two cruises of th e

P O L A R S T E R N in 1987 and th e

O DEN in 1991

have m ade transects of th e T rans-Polar Drift near to and across th e Lomonosov
Ridge (Fig. 7). The Lomonosov Ridge, disclosed by Russian geophysicists during
the IGY in 1956-1957, rises to w ithin 1000 m of the surface and seems to represent
a dynam ical barrier to exchange between the Nansen and Am undsen Basins or the
“eastern A rctic” and th e C anadian and Makarov Basins in th e “w estern A rctic”
at the surface as well as a t depth (Anderson, 1991). This dynam ical barrier is
suggested by Timofeev’s dynam ic height m ap (Fig. 5) as well w ith th e dynamic
height increasing as the T P D approaches the the Lomonosov Ridge a t an oblique
angle near 80° N and 140° E and tu rn s to the right. The dynam ic height is shown
to decrease and th e TPD tu rn s again to th e left as it crosses th e ridge near 120°
E and 82° N as seen in Figures 5 and 6. Given th e balance of forces th a t controls
the movement of both ice and w ater in the Arctic surface layer, the m ain Arctic
Ocean density driven currents a t tim e scales of several m onths or greater could
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be m odeled as currents forced by density gradients created by th e m ajo r sources
of riverine flow into the Nansen and Amundsen Basins. Since th e m ajority of the
annual discharge from the Russian Arctic rivers enters the central Arctic Basin
between 60° E and 120° E and m ust fit between the Pacific based outflow along the
Lomonosov Ridge and the surface inflow of A tlantic and Barents Sea surface water,
interannual m odulation of the river discharge derived flow may affect th e position
of the crossing location and thus the whole TPD .
An annual m ean depiction of the circulation and dynamics of th e Arctic Ocean
was deemed sufficient for understanding global circulation until quite recently, and
more detailed analysis has been lim ited by the lack of access to R ussian d ata in
the West. However, the prediction of enhanced high latitude global warm ing along
w ith observations of decadal scale variations in the therm ohaline circulation in the
northern N orth A tlantic have renewed interest in th e Arctic in general, and Arctic
Ocean fresh w ater balance, in particular (Bryan and Stouffer, 1991; Dickson et al.,
1988).
Analysis of Arctic Ocean circulation has been m ade easier by the availability,
since 1965, of satellite remotely sensed d a ta and th e release of various d a ta sets.
The development of numerical models has resulted in increased appreciation of the
complexity of th e Arctic Ocean circulation interactions while shedding some light
on the processes involved (Stigebrandt, 1981; Bjork, 1989, 1990, 1992; Preller and
Cheng, 1992; Flem ming and Semtner, 1991). A tm ospheric circulation in th e Arctic
is b etter defined a t shorter time and space scales an d over longer periods than the
equivalent ocean circulation. This is due to the well organized grid of shore based
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Figure 7. Cruise tracks of the

ODEN 1991 (open circles) and P 0 -

L A R S T E R N 1987 (solid circles) w ith surface layer salinities. Lower
salinity values are found along th e Lomonosov Ridge, higher values
in th e N ansen Basin. The low salinity flow appears to tu rn where it
crosses th e Lomonosov Ridge ( from Anderson et al. 1994).
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observing stations, th e length of th e observation records, and th e longer history of
atm ospheric relative to ocean circulation modeling.
An im portant finding from th e extensive meteorological d a ta set is th a t wind
stress in th e central A rctic Basin is limited in intensity and duration relative to
th a t at the margins. O bservations dating back to N ansen’s F R A M drift indicate
th a t 24 hour wind velocity averages never exceed 15 m s-1 in Jan u ary and 10
m s -1 in August (N ansen, 1902; Sverdrup, 1950; Thorndyke and Colony, 1982).
This means ice velocity fluctuations could have characteristic am plitudes of 0.07 m
s- 1 . However, th e w ind stress variability m ay dom inate the velocity field without
dom inating the net tran sp o rt, since the wind direction has a high variability at
periods of more th a n one day over the central A rctic Ocean (Nansen, 1902; Reed
and Campbell, 1962; T horndyke and Colony, 1982).
Residual ice m otion, unexplained by m easurem ent errors or geostrophic wind,
has a characteristic am plitude of 0.06 m s- 1 . T he long-term ice m otion has a
characteristic speed of 0.02 m s-1 and is composed of equal contributions from
winds and “long-term upper level currents” (Thorndyke and Colony, 1982). This
suggests a to tal ice m otion component with an am plitude of 0.04 m s_1 from other
th an wind forcing. T his is in keeping with th e observed drift rates of ships in the
T P D of 1.5 n m /d ay or about 0.03 m s- 1 . For a purely geostrophic current at 85 °N
this would require a sea surface gradient of about 5 x lO -6 or 30 cm /600 km. The
observed long term m ean gradients across the T P D are an order of m agnitude higher
th an this (e.g. 200-300 cm /600 km ) (Fel’zenbaum , 1958). This gradient is easily
discernible in Figs. 5 an d 6 across the TPD in the area n o rth of central Siberia.
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Since sea ice is only loosely coupled to the underlying w ater mass and con
siderably less coupled in sum m er th a n in w inter (Belyakov, 1968; Gudkovich and
Nikiforov, 1965b), surface w ater may be m ore rapidly tran sp o rted out of th e Arctic
th a n the ice. T hus, tim e varying freshwater in p u t from runoff may have a large
influence on freshwater o u tp u t variation related to th e opportunistic tran sp o rt of
freshwater anomalies. Recent modeling results by Hakkinen (1993) also suggest th a t
transport of freshwater anomalies in the surface layer m ay influence the m agnitude
and salinity of freshw ater outflow from Fram Strait.
U nderstanding th e distribution of fresh w ater has been complicated by the p ar
titioning of freshwater and sea water during th e annual freeze and thaw cycle. This
can be considered the equivalent of evaporation in more tem perate seas (A agaard
and Carmack, 1989). Due to the influence of river runoff, freeze-up is not uniformly
distributed. In th e Arctic Ocean, low salinity plumes are found in th e vicinity
of river m ouths and offshore for several hundred kilometers. T he reduced salinity
from runoff prom otes th e early appearance of ice in au tu m n and creates favorable
conditions for the grow th of the shore bound ice called “fast ice” in w inter (C at
tle, 1985). In the spring an d summer, seasonal m elting of sea ice contributes to the
surface freshwater layer at the same time high levels of runoff occur. This makes de
term ining th e percentages of the component sources of surface fresh w ater difficult.
This difficulty has been partially overcome through the use of stable oxygen isotope
analysis to determ ine th e relative percentages of terrestrial and oceanic w ater at a
given location (Strain and Tan, 1992). However much these details m ight suggest
about circulation, a m ore comprehensive consideration of th e density driven com
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ponent of Arctic Ocean circulation is necessary to un d erstan d all of th e interactions
and determ ine their m agnitudes.
As has been noted, N ansen first hypothesized th e effect of river runoff, ice melt
and wind stress in the K ara Sea (Nansen, 1914). Nansen suggested th a t stratifi
cation derived from river runoff and ice m elt would isolate the surface layer in the
K ara Sea, preventing mixing between the surface layer and the underlying water
and th a t, under these conditions, ice and surface w ater may be driven about by
the prevailing wind. N ansen’s investigations were driven by consideration of the
problems of reliable prediction of the risk of navigation for trading vessels in the
Barents, K ara and E ast Siberian Seas. In m odern times, purposes have changed
and, while there is still a extensive Russian effort to predict oceanographic condi
tions including sea ice for shipping purposes, the prim ary concerns driving western
research involve global ocean circulation and even more recently, the dispersion of
radioactive waste in the discharge from the Ob, Yenisei and Kolyma Rivers.
Awareness of the influence of river discharge in generating currents dates at
least to th e studies of S. O. Makarov in the Pacific Ocean in 1894 (Antonov, 1958).
Over 35 years ago, Antonov’s work extended th a t realization to the Arctic Ocean
(Antonov, 1958). The object of this study is to determ ine th e effect of the variation
in the A rctic hydrological cycle on circulation in the Arctic Ocean. W hile much of
the inform ation necessary to describe the role of A rctic hydrological cycles on Arctic
continental shelf and ocean circulation has been available in English translations of
the Russian literature for decades, im plem entation of th e ice/air/o cean numerical
models has been a missing element in the visualization and quantification of th at
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role. In th e following chapters, th e sources of freshwater and th eir variation will be
quantified and utilized in a num erical model to dem onstrate how th e hydrological
cycle contributes to mixed layer circulation.
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C hapter 3. H ydrologic O bservations
Nature uses only
the longest o f threads
to weave her patterns,
so each small piece of her fabric
reveals the organization
of the entire tapestry.
R. Feynm an (1918-1987)

3.1 Introdu ction

It has long been recognized in th e R ussian literatu re th a t freshwater flow into the
A rctic Ocean is im portant because it in large p a rt controls the form ation of the
geostrophic currents which comprise th e Trans-Polar Drift (T PD ) (Antonov, 1958).
M ore recent studies have shown th a t freshwater flow out of th e Arctic O cean m odu
lates deep convective circulation an d therefore deep ventilation of th e N orth A tlantic
Ocean in th e Greenland, Iceland an d Norwegian (GIN) Seas (Dickson et al., 1988,
A agaard and Carmack, 1989). T hus, it is im portant to understand th e annual and
interannual variability in the sources of freshwater entering the A rctic Ocean and
their distribution.
Key references of freshwater runoff d ata used th e UNESCO d a ta set from the
International Hydrological Decade or studies th a t utilize th e UNESCO set (e.g.
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C attle, 1985; UNESCO, 1971; 1978). U nfortunately, the UNESCO d a ta sets were
generally less th an 30 years long and ended in 1964 and thus are n o t long enough to
determ ine m ore th an short term means and variances of the annual cycles. Further,
they did not overlap th e N orth American d ata which starts in the early 1970’s. Also,
tim e series analysis requires at least 5 repetitions to detect a signal and d ata were
either not long enough to determine changes over decadal time scales or of varying
lengths and dates making intercomparisons difficult. Many of these studies were
driven by fears of catastrophic effects on global clim ate from southw ard diversion
by Soviet engineers of th e flow from the large rivers of Siberia. Again, b oth lack of
d ata and confidence in published Soviet literature ensured th at th e study presented
here was not attem p ted earlier.
The recent publication of an Arctic Atlas in R ussian by Treshnikov (1985) sup
plied previously unavailable Russian freshwater runoff data. However, it included
only long term means and graphic representations of the annual discharge cycle for
each river. Also, Treshnikov’s access to western d a ta sets appears to be limited to
the UNESCO data. For example, his citation of th e Mackenzie River discharge a t
340 km3 y r-1 indicates th a t he used a record w ith only 3 years of d a ta to compare
w ith records up to 50 years long. Thus, due to varying record lengths and variable
d ata quality, neither th e UNESCO d ata nor th e A rctic Atlas d a ta are adequate for
the present studies.
Sources of freshwater entering th e Arctic Ocean and previous estim ates of their
m agnitudes from th e m ost recent study are listed below in Table 1. In order of
m agnitude, freshwater from runoff and freshwater in Bering S trait discharge are th e
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two largest sources of freshwater to the Arctic Ocean an d are nearly equal a t about
0.1 S v.

T ab le 1. S o u rc e s o f F re s h w a te r
S o u rc e

V o lu m e (m 3 s J)

R e fe re n c e

Terrestrial Runoff

0.78-1.39 xlO 5

A agaard and Carm ack (1989)

Bering S trait Flow

0.75-1.35 x 10s

A agaard and Carm ack (1989)

Precipitation (-Evap.)

0 .1 4 x l0 5

Erosion of Perm afrost

1.0 x 1 0 s

Vowinckel and Orvig (1970)
Reim nitz,E., et al, (1988)

In this chapter and th e next, the sources of freshwater fluxes entering the Arctic
Ocean and the m agnitudes of their discharges will be identified. Then th e sources
and types of d a ta available to quantify these discharges, w ith a few examples, will be
described and the accuracy of the m easurem ents discussed. Finally, th e variability
in freshwater flux from rivers at intra-annual and interannual tim e scales and the
utilization of the d ata in this study will be described.
3.2 P r e c ip ita tio n
In m ore tem perate regions, precipitation m inus evaporation (P-E) represents a large
contribution to freshwater discharge. However, much of th e Arctic Ocean an d large
portions of the E urasian and N orth American continents above the Arctic Circle
(67.5° N ) are considered to be desert (i.e. less th an 25 cm y r-1 annual precipitation)
(Figure 8). W hile there are a few localized m ountainous regions w ithin th is area,
w ith average annual precipitation levels in excess of 60 cm y r-1 , most of the Arctic
runoff comes from the precipitation south of 65°JV in th e sub-arctic zone of the
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northern continental lan d masses where P -E is greater th a n 100 cm y r-1 annual
precipitation (Treshnikov, 1985).
A agaard and Carm ack (1989) used a value of 900 km 3 y r-1 to param eterize
P-E in th eir study of th e role of freshwater in A rctic circulation. They note th a t
estimates of P -E over th e A rctic Ocean range from 400 km 3 y r-1 to 1400 km3
y r-1 . W hile 900 km 3 y r-1 is about 25% of th e to tal river runoff into the Arctic,
precipitation over th e A rctic Ocean is m eager and occurs prim arily as snow in the
fall and early spring w ith an average distribution of 13.5 cm w ater equivalent. This
snow is not equally d istrib u ted as observations indicate th a t a range of between 14
and 25 cm w ater equivalent can be found along th e Siberian and C anadian coasts
with am ounts decreasing northw ard (Vowinckel and Orvig, 1970). Precipitation in
the central Arctic comes prim arily from freezing of m oisture from transient cracks
in the ice cover. Due to the extremely cold air present during most of th e year,
relative hum idity is n ear 100% most of th e tim e (i.e.

95% in winter, 103% in

summer)(Vowinckel and Orvig, 1970). P recipitation in th e central Arctic is not new
freshwater b u t can be considered a p art of th e form ation of sea ice which A agaard
et al. (1989) point out is th e Arctic equivalent of evaporation in tem perate areas.
Since snow on sea ice will melt w ith th e ice and become indistinguishable from
sea ice m elt, its effect on sea surface density gradients will be accounted for in the
overall sea ice cycle. Snow th a t falls over land may, in p art, be accounted for as
gauged runoff from rivers when it melts. T he rem ainder m ust be estim ated as u n 
gauged runoff (Plitkin, 1979). Precipitation as snow th a t does not melt completely
in any one year will obviously not contribute to the form ation of sea surface salinity
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Figure 8. The global distribution of terrestrial rainfall and m ajor
ocean currents. Note th a t the A rctic coast has less th a n 25 cm rainfall
per year, defining it as a desert area (from W alsh, 1988).
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gradients either near land or in the open ocean.
Because of this indirect contribution to two m uch larger term s, river runoff and
sea ice melt, precipitation over the Arctic Ocean is unlikely to contribute directly
to th e form ation of density driven currents. For annual budget purposes, P-E is an
im portant consideration b u t is only estim ated to w ithin a factor of 3 in th e Arctic
at annual scales (A agaard and Carmack, 1989). At sub-annual scales, redistribution
of snow by wind and sublim ation of the surface lend even greater uncertainty to the
m agnitude of the contribution of precipitation to th e freshwater input in th e central
A rctic (Vowinckel and Orvig, 1970). In this stu d y of th e annual and interannual
A rctic hydrological cycle, precipitation becomes an integral p a rt of either runoff or
sea ice melt and is not considered independently.

3.3 Shoreline E rosion
Freshwater discharge from shoreline erosion of perm afrost is of much lower magni
tude than precipitation. Shoreline erosion is thought to average about 5 m y r -1 over
a significant portion of th e Eurasian and Alaskan coast (personal communications
w ith Erik Reimnitz, USGS, Menlo Park, CA). Based on the USGS calculations,
shore line erosion and consequent release of w ater from perm afrost would be less
th an 10 km3 y r-1 (10- 3 Sv), and thus less than th e error on th e estim ate of discharge
for one of the larger rivers entering the Arctic Ocean.

3.4 Eurasian R ivers
The sources and types of Eurasian river runoff d a ta utilized in this study will now
be examined. T hen th e two d a ta sets compiled to be used in a num erical model
will be described and com pared to previous literatu re values. Finally, th e annual
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and interannual variation in th e d a ta sets will be examined an d th e implications of
the variability for th e study will be discussed.
More th a n 80% of the freshw ater runoff entering the A rctic Ocean comes from
the large rivers of Russia. Knowledge of the long term discharge variation of the
large rivers of Russia is necessary to determ ine how freshw ater from runoff might
affect circulation throughout th e Arctic (Antonov, 1958).

U ntil this study, the

availability of discharge d a ta for th e rivers of E urasia was lim ited to two sources:
UNESCO and T he Global D ata Runoff Centre (GDRC) in Koblenz, Germany (UN
ESCO, 1971, 1978). The UNESCO set contains m ean m onthly discharge records
for 22 rivers some of which (e.g. th e A ngara River) are trib u taries to large river
systems like th e Yenisei. However, records are lim ited to varying periods prior to
1966. The GDRC set also has records for the same 22 rivers, and records extend
from the 1930’s to 1977 or 1978 depending on th e river.
O ther d a ta sets exist b u t either consist of only long term annual means or
include non-congruent or non-relevant data. As an exam ple, Treshnikov (1985),
the prim ary d a ta source cited in A agaard and Carm ack (1989), reports 44 rivers as
being involved in the “M ean A nnual Runoff to the N orthern Ice Covered Seas” . Of
these 44, 25 discharge into Hudson Bay, the C anadian Arctic Archipelago and Davis
S trait which are seasonally ice covered seas. However, th e net tran sp o rt through
the C anadian archipelago and out to Davis S trait to the L abrador Sea is estim ated
by A agaard and Carmack (1989) as 920 km 3 y r“ l southw ard (out of the Arctic
Ocean) and these 25 rivers lie well within the archipelago, on th e shores of Hudson
Bay or south of Davis S trait in th e Labrador Sea. Thus, they do not discharge
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directly into th e A rctic Ocean and will only have an indirect effect on it. Even if
p art of the L abrador Sea surface w ater recirculates back tow ard th e A rctic Ocean
as indicated by Dickson et al. (1988), the delay is a t least 10 years, an d it is not
clear how much, if any, enters th e Arctic Ocean through Fram Strait. Dickson et
al. (1988) indicates th a t th e 1968-1978 anom aly was split between recirculation in
the G reenland Sea, th e B arents Sea and retu rn flow to th e A rctic Ocean.
O f the rem aining 19 rivers, 18 are in E urasia and 5 have discharges under 30
km3 y r- 1 . U nfortunately, it is not possible to tell how long th e observation periods
of the records were or even if they have concurrent m easurem ent periods. T he d a ta
set is useful for estim ating annual freshwater budgets for th e northern ice covered
seas b u t does not reflect th e variability in tim e and space in th e Arctic hydrological
cycle necessary for this study.
For this study, a sub-set of the Russian State W ater Resources H andbook
(SW RH) in th e R ussian (Former Soviet Union) State W ater Cadaster, Series 2,
Section 1, Index 2.1.1.1 was acquired. The earliest records sta rt about 1930 and
extend through 1987 or 1989 depending on th e individual river d ata set. The details
of Soviet S tate W ater C adaster System are reviewed by Rusinov et al. (1978).
All three d a ta sets are alm ost identical conterminable. T he exceptions are for
infrequent, b u t obvious, typographical errors in the Russian SWRH and missing
d ata points in th e GDRC set. All records consist of m ean m onthly river discharges
in m 3 s -1 a t locations along the rivers and their tributaries w ith some m onthly
peak discharge/day d a ta from the GDRC set.

Record lengths vary among the

rivers; however, there is a t least 50 years of d a ta for at least 9 of th e largest rivers
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(Figure 9). Daily m ean discharge d a ta is not available outside R ussia for any of the
Eurasian rivers a t this time. Because of its lim ited distribution outside Russia, the
raw and corrected d a ta is included in Appendix A of this study.

3.5 N orth A m erican Rivers
Discharge d a ta for th e rivers of th e U nited States is available from th e U nited States
Geological Survey (USGS) in Reston, Virginia. M ean and peak daily, m onthly and
annual discharges are available in ft3 s -1 for all of the rivers of th e U nited States
including those draining th e Arctic slope. The m ost current d a ta published is at
least two years old and is based on a calendar year. More current d a ta is distributed
by request an d is based on a “w ater year” : Septem ber to August. T he two Alaskan
rivers directly entering the Arctic Ocean near P ru d h o Bay, th e Sagvanirktok and
the Colville, are small in size and very limited in to tal annual discharge (about 10
km3 y r- 1 ). Because th e to tal discharge from all of these Alaskan rivers is less th an
30 km3 y r-1 an d poorly docum ented, we have n o t included them in this study.
Com plete C anadian river discharge d ata is available from th e Inland W aters
D irectorate, W ater Resources Branch, Environm ent C anada, O ttaw a. Mean and
peak daily, m onthly and annual discharges in m 3 sec-1 are available for all of
the rivers of C an ad a including those draining th e Arctic slope and islands of the
C anadian High Arctic. D ata are distributed on CD-ROMs which are updated biannually to th e end of th e calendar year w ith a two year delay.
The Mackenzie River and the Peel River in th e Northwest Territories are the
only rivers in C anada of significance about 100 km 3 y r-1 th a t discharge directly
into the A rctic Ocean. Mackenzie River d ata from a location near th e m outh is
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Figure 9. Previous discharge estim ates and location of 9 Eurasian
A rctic rivers (from A agaard and Carmack, 1989).
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available for th e period from Septem ber 1972 to the present. T h e gauging station,
C anadian statio n num ber 10LC014: Mackenzie River a t A rctic R ed River, is a
synthesis of th e m easurem ents from several historical statio n s located above and
below th e confluence of the Mackenzie River with A rctic R ed River and is the
station nearest th e head of the Mackenzie River delta and th e sea; however, it does
not include an im portant trib u tary : the Peel River.
Peel River discharge combines w ith the Mackenzie River a t several locations
in th e delta of th e Mackenzie west channel near Aklavik, N orthw est Territories and
near Point Separation on the Mackenzie River main channel. T h e discharge of the
Peel River is a significant enough fraction of the Mackenzie R iver’s to tal and should
be added into any valid account of th e effects of freshwater from runoff entering the
A rctic Ocean. T he Peel River discharge is also larger th a n either of, and in several
years equal to th e sum of, the discharges of either of the two Alaskan rivers th a t
discharge into th e Arctic Ocean. Combined as it is w ith th e Mackenzie, it comprises
a point source which discharges directly onto the continental shelf throughout the
year.
It should be noted th a t in several studies the Mackenzie annual discharge is
reported as 340 km 3 y r-1 (eg. A agaard and Carmack, 1989; Treshnikov, 1985;
C attle, 1985). T he value is based on measurements during four years in the early
1970’s when discharges were high; a series of lower discharge years between 1978
and 1984 decrease the long term m ean by about 20%. A ccurate docum entation of
the combined discharges of th e Mackenzie and Peel rivers will be m ore im portant
for the study th a n the two smaller, less well defined and m uch shorter records of
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the other freshw ater sources on th e Alaskan coast, in so far as the affect on shelf
and ocean circulation in th e A rctic is concerned.

3.6 E llesm ere Is. Glaciers
The effect of large glacial “ice islands” , such as T-3 and Alpha, discharged from the
fjords on Ellesmere Island an d other locations in th e C anadian Arctic archipelago
are not addressed in the runoff calculations.

The small to tal num ber, sporadic

nature of th eir creation, and th e ir long life tim e in th e Arctic Ocean all exceed the
range of frequency and duration of other runoff variation sufficiently to ensure th a t
their effect will not im pact this study. The annual volume of bergy bits, brash and
other smaller debris from these glaciers was also not determ ined.

3.7 G reenland R unoff D ata
Observations of runoff average less th an 1 per year for all of G reenland (Treshnikov,
1985). Treshnikov (1985) indicates th a t the precipitation along the Arctic coast of
Greenland is only between 5 and 10 cm y r-1 w ith th e m ajority of th e precipitation
falling on th e southwest coast (40-60 cm y r- 1 ). Further, th e Arctic Ocean coast of
Greenland lies above 81°N, and at the three w eather stations on the Arctic coast of
Greenland (Nord, Cape M orris Jessup and Cape H arald Moltke) the m ean m onthly
tem perature only exceeds freezing to a limited degree during July and A ugust. Also,
there are no rivers entering th e Arctic Ocean from the Arctic coast of G reenland.
Glaciers discharge w ater b o th from their surfaces and from below, b u t even ice
discharge m easurem ents from n o rth Greenland are very rare, historically less th a n
one per year (Treshnikov, 1985). No runoff discharge estim ates for th e A rctic coast
of G reenland, let alone interannual runoff variation estim ates were found.
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Finally, th e net tran sp o rt through Nares S trait, Kennedy Channel and Robeson
Channel is southw ard a t 0.4 Sv (Moynihan, 1972). Thus discharge from the west
coast of G reenland does not enter the Arctic through this pathway. Any discharge
from runoff from Independence Fjord, Hagen F jord and D anm arks Fjord on the
A rctic coast of Greenland enters the Arctic Ocean a t 82° N at th e northern entrance
to Fram S trait and, likewise, will probably n o t affect circulation in the central
Arctic.
In view of th e above considerations, the assum ption th at there is no significant
effect from runoff from th e Arctic coast of G reenland on the circulation in th e central
Arctic has been made.
This concludes the summary of freshwater discharges to th e Arctic Ocean and
their sources. T he d ata will now be examined and estimates of accuracy established
for the various d ata sets represented above.

3.8 D a ta A ccuracy E stim ates
The N orth A merican and Eurasian river discharge d ata is determ ined from river
stage heights. This is an old and universally utilized technique in which the cross
section at a straight location of a river is determ ined. W ith an accurate cross
section, velocity m easurem ents within th e section are made w ith a current m eter and
simple height/w idth/discharge relationships are established. These are surprisingly
accurate when com pared to discharge m easurem ents made in parallel with Acoustic
Doppler C urrent Profilers (ADCP). The comparisons yield discharge differences
of from 6-10% w ith th e mechanical meters reading high since they axe calibrated
under steady flow conditions, and river discharge can be very turbulent. Turbulent
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flow contains irregular high frequency flow com ponents which are integrated by
mechanical flow m eters causing them to indicate elevated flow velocities (Gordon,
1989; Jepson, 1967).
In point of fact, no one has actually m easured th e largest Arctic Eurasian
or N orth American rivers at full discharge directly.

This is due to the danger

from large pieces of ice present during the peak discharge period. M easurement
com parisons a t peak discharge on large rivers like the Mississippi and the R hine
utilizing stage, direct mechanical current m eter and ADCP measurements indicate
discharge overestim ation of 5-10%. W hile a complete explanation of the reasons
for th e discharge overestim ate incurred while using stage measurements is beyond
th e scope of this study, th e error appears to be the result of underestim ation of
frictional losses in sloping river banks. Thus, for th e m ost conservative estim ate
of stage discharge m easurem ent, the system atic bias is estim ated to be +10% (i.e.
an overestim ate rath er th an underestim ate) for b o th Eurasian and North American
individual river data.
T he n o tatio n used in reporting of river discharge d ata reflects the system atic
uncertainty of th e data. For discharges up to 99 m 3 s-1 d a ta is reported to th e
nearest 0.1 m 3 s-1 or to 0.1%. The same 0.1% reporting is utilized from 100 m 3
s- 1 . to 100,000 m 3 s-1 or an estim ated system atic error of ±0.05%. A further
source of error m ay be found in the averaging of d a ta from daily to mean m onthly
values since the daily discharge variation frequently has a badly skewed distribution.
However, since daily d a ta for th e Eurasian rivers is lacking, estim ating the possible
error in their discharge records from this source is not possible. Thus, conservatively
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estim ated runoff values are up to 10% higher w ith a system atic error of ±0.05%.
Finally there is th e question of ungauged freshwater discharge to the Arctic
Ocean. This has been a concern in all previous attem p ts to quantify Arctic fresh
w ater runoff. In th e only published study, P litkin (1978) utilizes a series of model
drainages and rivers from several regions of th e Siberian coastal zone to estim ate
ungauged flow from offshore islands in the m arginal Arctic seas and ungauged on
shore rivers. P litk in ’s estim ates axe: 205 km 3 y r-1 or 16% of the m easured dis
charge for the K ara Sea, 143.6 km 3 y r-1 or 19% for the Laptev Sea and 53.1 km 3
y r-1 or 21% for th e E ast Siberian Sea, for a to tal of 401.7 km 3 y r-1 or 18.6% of
the to tal m easured discharge into these three seas. Since portions of the E urasian
A rctic coastline are representative of all of the Arctic coast, th e latter figure was
utilized as an estim ator of ungauged flow for portions of th e N orth American Arc
tic Coast as well. P litk in ’s analysis (1978) is based on docum ents still unavailable
in th e west, so th a t a current revision of his study is not possible. It is th e only
published study to date to a ttem p t to quantify b o th gauged and ungauged runoff.
W ith th a t caveat, P litk in ’s E urasian Arctic ungauged discharge estim ate is utilized,
along w ith th e current tim e series, to extend th e estim ate of to ta l annual freshwater
discharge in this study.

3.9 R unoff D ata U sed In T his Study
Table 1 indicates th a t runoff is th e largest single source of freshwater entering
the Arctic. The object of th is study is to determ ine the possible effects of runoff
variation on circulation over th e Arctic continental shelf and ocean. The available
runoff observations are lim ited, prim arily to m ean m onthly discharge for some 19
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Arctic rivers w ith records from less th a n 15 yeaxs to over 125 years long. The rivers
may be differentiated into th ree groups: those w ith average discharges over 250 km 3
y r- 1 : the Ob, Yenisei, Lena and Mackenzie; those w ith average discharges between
100 and 150 km 3 y r- 1 : th e N orthern Dvina, Pechora, Kutoy, and Kolyma; and those
under 100 km 3 y r- 1 : th e Onega, Mezen, Taz, P u r, Payasina, A nabar, Olenek, Yana,
Indigirka, Alazeya and Amguyema. In this last group only the P ayasina and the
Indigirka are over 50 km 3 y r-1 an d the rest are < 38 km 3 y r- 1 . O ut of these 19
rivers, the eight largest plus th e Indigirka produce over 95% of th e to tal discharge
to the Arctic Ocean (Antonov, 1958).
In the later p a rt of this study, th e longest possible tim e series of to ta l m onthly
discharges from all of th e rivers entering th e Arctic Ocean including ungauged flow
will be needed. T he individual m onthly discharge tim e series for nine rivers (Sev
ernaya Dvina, Pechora, Ob, Yenisei, Kotuy, Lena, Indigirka, Kolyma, Mackenzie)
will be needed to make th e results com parable to A agaard and Carm ack (1989), the
previous benchm ark study of th e role of freshwater in th e Arctic shown in Figure
9. The m onthly to tal discharge series will be needed to model th e role of runoff in
the vertical circulation and th e residence tim e of runoff in the A rctic Ocean.
Establishing the tim e series for th e m onthly discharge of th e nine rivers noted
above, presented a few challenges once th e d a ta were available from th e Russian
State W ater Resources Handbook. For example, the K utoy River shown in A agaard
and Carm ack (1989), which is actually called th e K atanga River (i.e. th e confluence
of two rivers, the K utoy and th e K h eta Rivers a t the city of K atanga) is missing eight
or nine m onths of its discharge record in m any years. Missing d a ta is a fact of life
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in observed phenomena, and several techniques are available for th e interpolation
of regular or smoothly varying data. However, river discharge series are generally
felt to be stochastic in n atu re and thus do not lend themselves to these techniques,
particularly in th e case of large am ounts of missing d ata.

A realization of the

K atanga river discharge (K utoy river + K heta river) was created from th e available
discharge record (see A ppendix A) and th e mean discharge graphs in Treshnikov
(1985). However, due to th e errors created in the p ast by the inclusion of limited
discharge records, the synthesized d a ta set was not used in th e to tal discharge
series. T he synthesized K u to y /K atan g a River data was utilized in sum m ations to
bring them into concurrence w ith th e discharge d ata used by A agaard and Carmack
(1989) only in comparisons in Table 3.
For th e nine river tim e series, m ost of th e d ata sets were continuous through
1987, b u t th e few th a t extended only through 1986 determ ined the m axim um length
of the tim e series. Also, most E urasian rivers have been m easured for at least 50
years, so th e d ata subset used was the 1937 through 1986 portion of the available
data.
The 9 th river is th e m ajor exception. T he Mackenzie River dow nstream d ata
(station 10LC014) cover the period 1973-1993. P artial records dating back to 1964
were available for a station 250 km upstream from th e m outh of the Mackenzie
River, b u t th e discharge volume and tim ing differ from th e dow nstream station
unpredictably and would not appreciably extend the length of the record. T he Peel
River, which has a to tal flow of about 10% of the Mackenzie and discharges through
the sam e delta has a d a ta set th a t covers the same period as th e dow nstream
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Mackenzie station. The Peel is seldom noted in studies b u t makes a significant
contribution to the combined flow. The Mackenzie and Peel Rivers discharge data
has been combined and the shorter record period has been accepted rath er than
trying to synthesize a 50 year record from th e p artial d a ta set. This d a ta set limits
the length of the total runoff d a ta set available to the 15 year period th a t th e Russian
d a ta and N orth American d ata sets overlap. To arrive at annual discharges for
intercom parison w ith published data, m ean m onthly d ata (m 3 s - 1 ) were multiplied
by the num ber of seconds in the appropriate m onth and sum m ed for th e year.
T he annual mean m onthly discharge cycle for the nine Arctic rivers is compared
to a large sub-Arctic river, th e Mississippi, in Figure 10. The 50 year means for
seven rivers shown in Figure 10 are derived from the records in Appendix A. The
K utoy an d Mackenzie River series means were derived from th e longest available
record as described above. Individual plots of the 50 year series for the other eight
rivers as shown in Figure 10 would not be practicable here. Table 2 presents the
detailed statistics for the nine river set.
T he other requirement is for the longest possible tim e series of total m onthly
runoff to th e Arctic Ocean. How the distribution and volume of th e interannual
discharge to the Arctic Ocean might be quantified will now be examined. In gen
eral this is handled through annual to tal discharge sum m ations. T here are several
m ethods of calculating sum m ations of discharge to th e Arctic. They can be bro
ken down to sum m ation for the Arctic Ocean, sum m ation by discharge area, and
sum m ation by individual river. Sum m ation by discharge area to allow intercom 
parison of discharge d ata will be utilized. W ith this m ethod, d a ta sets as diverse
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Figure 10. M ean m onthly river discharge for nine E urasian and N orth
American Arctic rivers an d th e Mississippi River (1937-1986) (m 3/s).
The Mackenzie River discharge record is for 1973-1986.

N ote the

different discharge cycle peaks for sub-Arctic and Arctic Rivers which
characterize the two clim ate regimes.
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Table 2. Statistics for the nine river set including a coefficient of
variation (C„). These 9 rivers are th e same ones utilized in Coachm an
and A agaard (1989). Together, these 9 rivers produce m ore th a n 90%
of th e river discharge to the A rctic Ocean (A ntonov, 1958).
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as Antonov (1958), Plitkin (1979), C attle (1985), Treshnikov (1985), A agaard and
Carm ack (1989) and this study can easily be compared.
Table 3 com pares and contrasts the discharge area sum m aries of past studies
with this study. Antonov (1958) originated th e concept of separating the Arctic
into areas w ith common hydrological and meteorological regimes. Antonov (1958)
utilized three separate basins, citing new hydrological and meteorological d a ta to
justify the division. Five areas were utilized for th e same reason: K ara Sea, Laptev
Sea, East Siberian Sea, Chukchi Sea and Beaufort Sea. Studies like Gudkovich
and Nikiforov (1965) indicate th a t each of these seas may act either independently
or in concert as sources of freshwater. T he older d ata from Antonov (1958) can
be easily sub-divided into these areas, and later studies are generally broken down
by individual river discharge. Because Antonov (1958) includes th e Pechora River
discharge in th e to tal discharge to th e K ara Sea, th e appropriate discharge value for
this river from th e contem porary UNESCO d a ta set was added to Plitkin (1979) to
make the com pared discharge d a ta assemblages th e same in each example.
At first glance, the estim ates of the to tal discharge for th e area generally drop
with tim e from Antonov’s 1958 study to th e present study w ith th e three most
recent studies w ithin ±7%. W hile the studies selected are directly comparable,
there are several caveats. Of th e five studies, A ntonov’s 1958 stu d y probably had
the least data. P litkin (1979) notes the E urasian Arctic discharge was determ ined
from limited observations and th a t almost all th e small, m ost of th e medium and
some large rivers lacked gauging stations for m easuring runoff on their lower reaches.
Also, C anadian discharge records for the Mackenzie River only began in 1943 for
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Table 3. C om parison o f R iver D ischarge Sum m arys (k m 3 y r - 1 )
Study

K ara L aptev E. Siberian Chukchi

Beaufort T otals

Antonov
(1958)

1428

722

250

44

430

2874

Plitkin
(1979)

1316

763

252

31

(340)

2702

Cattle
(1985)

1053

514

119

-

340

2026

Aagaard
and
Carmack
(1989)

1263

625

159

340

2387

This study
(1995)

1184

547

123

282

2145

9

upstream stations and were sporadic, missing much or all of a year, u ntil 1965.
Thus, A ntonov’s 1958 study was based on incom plete or lim ited d a ta as in
dicated by his estim ate of 430 km Pyr-1 for th e Mackenzie River discharge. The
lim ited d ata set available also explains why Antonov (1958) utilized no statistical
analysis of th e d a ta and had no estim ates of interannual variation. A ntonov’s dis
charge values were included in Table 3 for com parison because A ntonov’s study is
the earliest to hypothesize th a t runoff drives offshore flow in the A rctic, an d his
discharge estim ates are th e first published values for th e Arctic.
Plitkin (1979) notes th at an earlier study of discharge estim ates by B. D. Zaikov
in 1946 significantly underestim ated K ara Sea freshwater discharge. However, later
studies done from 1962 to 1970 were more consistent, varying by only 2%. Plitkin
attributes this constancy m ostly to increased length and reliability of runoff series
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(Plitkin, 1979).

P litk in ’s study was the first attem p t not only to quantify the

interannual variability of discharge b u t also to account for ungauged flow from
small stream s and offshore islands (e.g. « 200 km 3 y r-1 for th e K ara Sea). Plitkin
also added th e discharges of th e P u r, Taz and Nadym Rivers to th a t of the Ob River
in his sum m ation for the K ara Sea. This adds over 100 km 3 y r- 1 , or more than
27%, to th e flow at th e m outh of the Ob G ulf and is seldom recognized by other
studies. As noted above for th e Mackenzie an d Peel Rivers, th e addition of rivers
th a t share a common delta or discharge point is necessary n o t only to obtain an
accurate assessment of th e to tal annual discharge into an area b u t also to estim ate
the total effect of interannual variation from each river on th e to tal discharge.
P litkin (1979) probably represents the best com pilation an d analysis of fresh
w ater discharge for th e portion of Arctic E urasia east of the W hite Sea up to the
present study. W ith respect to his analysis of ungauged runoff, it may well be a
b etter com pilation th a n the present study. P litk in ’s inclusion of a table of coeffi
cients of variation (Cv) and skewness (Cs) for each river allows th e comparison of
variation in b o th to tal discharge to seas and individual rivers up to the time of his
study. Unlike stan d ard deviation and variance, which are absolute values and may
not be intercom parable, a coefficient of variation is the sam e stan d ard deviation
normalized by th e m ean of th e d a ta and m ultiplied by 100. T he CVs from P litkin’s
study can also be directly com pared with th e present study. P litkin (1979) can
be regarded as the benchm ark for runoff discharge studies up to 1980, and, with
the contem porary values for th e Pechora and Mackenzie added to the total as in
Table 3, P litk in ’s d a ta can also be used to evaluate present knowledge of historical
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discharge records.
C attle (1985) includes a review and analysis of several other analyses of the
1978 UNESCO International Hydrological Decade from d a ta ending in 1967. C attle
utilized separate studies w ith both m onthly distribution of discharge for eight rivers
covering Arctic C anada and E urasia and an estim ate of the total and stan d ard de
viation for th e Asian A rctic rivers and the Pechora. In keeping w ith the formulation
of Table 3, the two discharges of the Asian rivers and th e Pechora in C attle’s Table
2 are summed to get 2470 km3 y r- 1 . Using these d a ta from C attle gives a total
for the E urasian Rivers minus the Mackenzie River th a t is closer to th a t in Plitkin
(1978) th an when th e d a ta in Table 3 in C attle’s study is used.
C attle (1985) utilizes several different and inconsistent compilations of the UN
ESCO d a ta set to stu d y the im pacts of planned diversions of runoff w ithin the
former Soviet Union. Thus, it m ust be quoted w ith care. As an example from
C attle’s study, it is n o t always clear, for instance when d ata is given for the Ob
River, w hether it is th e Ob River discharge or th e Ob Gulf discharge (Ob River +
Nadym River + P u r River + Taz River) which is being discussed. As noted above,
the difference for this value alone is over 27% or m ore th a n 100 km3 y r- 1 . C attle
(1985) is included to dem onstrate th a t the UNESCO (1978) d ata set m ust be used
w ith care, particularly when comparing past and present data.
A agaard and C arm ack (1989) utilized the d a ta from Treshnikov (1985) after
reviewing several studies including C attle (1985). As previously noted, they in
cluded 25 rivers th a t discharge into the the interior of th e C anadian Archipelago,
Hudson Bay and Davis Strait. These inclusions add over 700 km 3 y r-1 to their
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Arctic discharge total. Also, as previously noted, the Mackenzie River discharge in
Treshnikov (1985) is too high by m ore th an 60 km3 y r-1 or about 18%. The pur
pose of A agaard and C arm ack’s (1989) study was to estim ate the role of sea ice and
other freshwater in A rctic circulation through budgets, thus they utilize long term
means and ignore th e issue of interannual variation (A agaard and Carm ack, 1989).
A agaard and C arm ack’s introduction of Treshnikov’s (1985) d ata does give a more
recent benchm ark th a n P litkin (1979), although Treshnikov’s d a ta only consists of
mean annual discharge values and b a r graphs of the m ean annual cycle of each river.
Also, when Treshnikov’s discharge values are utilized, it m ust be realized th a t sev
eral discharges may be combined in one. Here again, Treshnikov’s discharge value
for the Ob River (530 km 3 y r-1 ) is the same value th a t other researchers specify
for the Ob G ulf which includes th e combined flows of the Ob, P ur, Taz and Nadym
Rivers (Voskresenskiy and Bochkov, 1972; Mazavina, 1977). Treshnikov also in
cludes a value for th e P u r River separately in his listing, b ut no values for the Taz
and Nadym Rivers, b o th of which discharge nearby into the Ob Gulf.
As a second example of potential difficulties with discharge estim ates, Tresh
nikov lists th e Kutoy River a t 105 km 3 y r- 1 . The Kutoy River is a trib u tary , along
with the K h eta River, of the K atanga River which discharges into th e Laptev Sea
near 110° E an d has a discharge of 104 km3 y r-1 in the S tate Hydrological Institute
records (Voskresenskiy and Bochkov, 1972). Thus, even when only com paring mean
annual discharges an d their sum m ations from Treshnikov (1985), one m ust be aware
th a t discharge values m ay be erroneous, and river names incorrectly identified or
both. Treshnikov (1985) is cited as the m ost recent published com pilation of Arctic
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river discharges up until th e present study.
In all of th e previous studies, discharge totals were draw n from different num 
bers of discharge records of varying interval and length. Plitkin (1979) notes th a t
even so, th e total discharge for several different studies in th e 1960’s tended to
converge as more and b etter d a ta becam e available. These 1960 and 1970 studies
differed by only a small am ount (e.g. about 2% for th e K ara Sea). In th e present
study, to ta l discharges are derived from consistent sum m ations of the discharges
from gauging stations a t or near th e m outh of the individual rivers. These totals
are only dependent on how m any rivers are included and n ot in w hat years or from
w hat different d ata sets values come. Also, in the previous studies, d a ta sets of
varying lengths were melded together to establish estim ates of to tal and area dis
charge to th e Arctic Ocean. W hile this does not necessarily invalidate these previous
studies, review of these previous studies indicates th a t m any may be biased toward
higher values th an if congruent series discharge values were utilized.
T otal discharge value in Table 3 is about 10% below those derived from Tresh
nikov (1985) used in A agaard an d Carm ack (1989) and about 6% greater th an the
values in C attle (1985) for the sam e seas and rivers. This difference is to be ex
pected, if only due to the different tim e intervals covered by th e d a ta sets. Note
th a t by sim ply adjusting Treshnikov’s value for the Mackenzie River discharge to
the value from the contem porary C anadian records, reduces the difference between
this value and th a t in A agaard an d Carm ack (1989) to 8%. Since only series of dis
charge d a ta w ith common startin g and ending dates are utilized, m ean discharges
th at do not reflect radically different periods and intervals result.
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As a second m ethod of com parison of previous and present studies, a few ex
amples of th e variance of th e d a ta in th e studies above can be examined. P litk in ’s
example is followed by using coefficients of variation to compare interannual vari
ation in discharges b oth among, between an d w ithin discharge records viz their
stan d ard deviations. It is intercom parable w ith other results involving the same
variable b u t arrived a t by different investigators utilizing different methodologies.
W hile values for all of the rivers in all three studies are not available, th e coefficient
of variation for th e Ob River annual discharge from Plitkin (1978), C attle (1985),
and th e present study are 0.14, 0.16 an d 0.16, which are in close agreement. The
lower value from P litk in indicates th a t shorter d a ta sets will affect th e Cv.
Finally, th e 50 year series of to tal annual discharge for the ten largest Eurasian
rivers from this study is shown in Figure 11. These annual to tals represent over
80% of the to tal discharge to th e A rctic Ocean according to Antonov (1958). Shown
also in Figure 11 are th e 50 year m ean and th e dashed lines indicating one standard
deviation from th e mean. The m inim um to tal flow was in 1944 at 1508 km 3 y r- 1 ,
and the m axim um to tal flow of 2010 km 3 y r -1 was in 1978. W hile it is not a
com plete realization of the to tal runoff discharge to th e Arctic, th is is th e largest
num ber of A rctic rivers for which a t least 50 year d a ta sets exist. As such, it gives
a good indication of the trends and periods of high and low discharge over the
m easurem ent interval. To get a m ore accurate estim ate of to tal discharge using
observations, th e m easurem ent interval m ust be shortened, rem em bering all of the
caveats expressed above concerning shorter tim e series.
T he Mackenzie and Peel Rivers have th e lim iting time series when it comes to
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establishing to ta l Arctic freshwater discharge w ith only 15 years of d a ta available
to com pare w ith the available R ussian data. W hile this short a series is less th an
optim al for tim e series analysis for decadal scale or longer climatic periods, again,
it gives a good estim ate of to tal discharge. Using this 15 year tim e interval (1973—
1987), th e to ta l annual runoff to th e Arctic from 15 E urasian and N orth American
Arctic rivers along with P litkin’s (1979) estim ate of ungauged discharge has been
estim ated to derive Figure 12. These estim ated values are essentially a constant
m ultiplied times the values in th e last 15 years of Figure 11, since neither the
addition of th e Nadym, P u r and Taz Rivers in Russia, the Mackenzie and Peel
Rivers in C anada or P litkin’s (1979) estim ate of 18.6% ungauged discharge have
sufficient dynam ic range to significantly alter th e p a tte rn of the total discharge.
Figures 11 and 12 represent the best estim ates of total freshwater discharge
from runoff available at this tim e and are based on concurrent m easurem ent series
of actual freshwater discharge and estim ates of ungauged discharge.

Figure 11

is a 50 year tim e series from observations on 11 rivers and does not include any
estim ate of ungauged discharge. In Figure 12, th e length of th e E urasian discharge
tim e series is reduced to th a t of the Mackenzie and Peel rivers tim e series and
added 15 years of d ata for three other E urasian rivers plus P litk in ’s estim ate for
ungauged discharge. The 15 year m ean of th e estim ated total annual runoff is 2646
km3 y r- 1 . T he standard deviation is 150 km 3 y r- 1 , and th e Cv is 0.06. W hile
based on a different sampling period and on two rivers for which sufficient d ata
is not available, th e Payasina and Kutoy Rivers, this value is in good agreem ent
(5%) w ith Treshnikov’s 1985 benchm ark sum m ation of 2804 km 3 y r-1 for 19 rivers
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Figure 11. Summed discharges of 10 E urasian A rctic rivers evenly
distributed from east to west. The high and low discharge periods
appear to increase and decrease with tim e and th e tren d appears
tow ard increasing discharge since 1957. The solid line is th e m ean
of the series, and th e dotted lines are plus or m inus one stan d ard
deviation from th e mean.
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Figure 12. E stim ated to tal annual discharge of freshw ater from runoff
to th e Arctic Ocean. This has been derived from direct discharge
m easurem ents of 15 rivers (1973-1987) and P litk in ’s 1979 estim ate of
ungauged discharge. The solid line is the m ean of th e series, an d th e
dotted lines are plus or m inus one stan d ard deviation from th e m ean.
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entering the Arctic Ocean. W hen th e appropriate contem porary value of 282 km 3
y r-1 for the Mackenzie is utilized in Treshnikov’s sum m ation instead of his value of
340 km 3 y r- 1 , th e difference is 4%. This value is ab o u t 8% below Ivanov’s (1994)
sum m ation of 2880 km3 y r-1 for 31 Eurasian rivers. U nfortunately, since none
of the other studies include enough d a ta to calculate variance or a coefficient of
variation, no other com parison is possible.

3.10 Interannual V ariation
The annual cycle of long term m onthly mean freshw ater discharge for 9 Arctic
rivers has been depicted in Figure 10. The mean and coefficient of variation for
the 9 rivers are presented in Table 2.

Since p a rt of the hypothesis is th a t the

interannual variability of th e Arctic hydrological cycle contributes to the variability
in Arctic circulation, the causes of the variability m ust be understood and the runoff
discharge time series exam ined to reveal any characteristic variation present in the
data.
Arctic river prim ary discharge peaks occur in M ay and June as a direct result of
the m elting of winter snow at th e headw aters of the drainage basin. Secondary peaks
in August and Septem ber occur as a result of late sum m er and fall precipitation as
rain. Sub-arctic rivers, typified by large river systems like the Mississippi, peak in
April due to the earlier m elting of w inter snow and spring rains a t lower latitudes.
In contrast to Arctic rivers, m inim um discharge occurs in Septem ber and October
during the period of sum m er drought rather than in winter. C onsistently low flow
between November and M ay is characteristic of A rctic rivers since the drainage
basins lie north of 50°N and even th e largest rivers freeze over as b o th the air and
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ground tem peratures are far below 0°C during this period.
For practical reasons, two of th e larger E urasian rivers, th e Ob and th e Lena, are
considered as proxies for th e others. These rivers were chosen since they characterize
the two types of A rctic rivers: those whose discharge begins to peak rapidly in April,
and those whose peak onset is delayed into May. The reason for th e difference in the
discharge regime of two rivers which have similar drainage basin areas an d latitude
ranges is th e altitu d e of th e head w aters and th e precipitation source (Voskresenskiy
and Bochkov, 1972)
In th e case of the Ob, a m ajor drainage tributary, th e Irtysh River, heads in
high lands at Lake Zaysan near 50N from precipitation derived from th e Atlantic
Ocean (Voskresenskiy and Bochkov, 1972). The Irtysh River floods first, followed
in sequence by th e somewhat higher altitude drainage of th e Ob headw aters near
50° N and later by th e n orthern reaches of the Ob drainage which lie between 60° N
and 70°N in th e Ural M ountains b o th fed by precipitation derived from th e Atlantic
Ocean. This sequence of releases and the negligible slope of th e no rth ern 1500 km
of the Ob river (1-2 x 10~5) means th a t th e peak discharge period begins early
and persists until late in th e fall (Gerasimov, 1969). The sequence is characteristic
of rivers as separate in space as the Ob and th e Mackenzie and is strictly a function
of the distribution of trib u tary altitude w ithin the river drainage.
In th e case of the Lena, the entire drainage consists of high m ountain ranges
from about 50° N in th e central Siberian P lateau near Lake Baikal to the Stanovoj
Range and, finally, th e Verchojansk Range near the Arctic coast at 70°N all fed with
precipitation derived from th e Pacific Ocean (Voskresenskiy and Bochkov, 1972).
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The uniformly high altitude of th e Lena drainage creates a delay of nearly a m onth
in the initial m elt onset relative to rivers w ith lower altitude drainages like the Ob.
The peak discharge of the Lena discharge p a tte rn is enhanced by th e relatively
steep slope (1-2 x 10- 4 ) of th e n o rth ern 1500 km of th e river drainage, an order
of m agnitude larger th a n th e Ob. Thus, th e peak discharge occurs a m onth later,
is short in d u ratio n and subsides quickly, tapering off continuously u n til ended by
the freeze-up a t altitu d e which is earlier th a n for th e lowland drainages of the Ob.
While the m agnitude of discharge is common to only one other river, th e Yenisei, the
pattern persists in smaller rivers like th e K olym a and K utoy which have similarly
m ountainous drainages.
These characteristics serve to m aintain th e annual discharge cycle constant
for a given river in th a t they are independent of interannual atm ospheric changes:
geology and clim ate have time constants th a t are very long relative to the annual
river discharge cycle. Nor does it appear th a t interannual variation in the annual
freeze and thaw cycle affect the tim ing or volume of discharge. F reeze/thaw dates
on the Ob and Yenisei along th e length of the rivers vary little year to year and
fall w ithin a 30 day period over th e entire drainage basin of th e O b and Yenisei
(Vendrov, 1967; Dolgushin, 1969). T he stan d ard deviation of freeze/thaw dates for
rivers from th e w estern Pechora to th e Ob, Yenisei and Lena and th e eastern most
river, the Amguyem a, is 5-8 days over the period of observations, and only the
northern D vina h as a standard deviation for this param eter of 10 days (Ginsberg,
1970).
On th e M ackenzie River, th e spring melt peak is w ithin 15 days for the period
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of observation, and discharge has dropped to w inter values by th e m id m onth of
November. T he annual discharge cycle is rem arkably regular, although the features
at 7-10 day periods are highly variable (M arsh and Hey, 1989) .
T he prim ary factor influencing th e annual discharge cycle of the Mackenzie
River over th e course of th e observations is variation in th e annual sum m er and fall
precipitation in th e form of rain and its source (M arsh and Hey, 1989). Likewise,
on the Ob (Fig. 13), th e August and Septem ber m onthly variance are the largest.
Fall precipitation over th e northern river reaches from storm s in the Atlantic is a
significant p art of this variance.
The other m ajor factors influencing the annual discharge cycle over the course
of th e observations have been anthropogenic: filling reservoirs and rearranging the
discharge p attern s due to hydroelectric dem and cycles to increase winter discharge
and lower sum m er discharge (see w inter and spring m onths in Figures 17 and 18)
and river channel modification.
A study and projection of this affect has been m ade for th e Russian rivers
by Shiklomanov (1978) who estim ated the losses to 1975 on the Ob at 3% and on
the Lena, Yenisei and other large Siberian rivers a t less th a n 1%. The study did
not consider in tra-an n u al redistribution of the river discharge, b u t only net loss in
annual discharge. A m ore recent study of these factors has been m ade for N orthern
Hemisphere (> 30° N) and Arctic rivers (Dynesius an d Nilsson, 1994). The prim ary
concern of th e late 1960’s environm ental com m unity was th e diversion of w ater from
the large Siberian A rctic rivers for agricultural purposes in the south of Russia and
its possible effect on th e Arctic Ocean. As discussed later, th e rearrangem ent of
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the annual discharge cycle may have a greater long term effect th a n any current or
projected discharge reduction.
A nnual discharge patterns are im portant in as much as they set up a reference
frame for th e variations and perm utations in interannual discharge totals and dis
tributions th a t help create and m odulate offshore flow. The interannual variation
in river discharge in bo th individual Arctic rivers and in their sum is driven by
the variation in atm ospheric sources of precipitation th a t produce runoff. R unoff
may occur directly from rain or indirectly from snow th a t melts at some later tim e
(Voskresenskiy and Bochkov, 1972; Drozdov and G rigor’yeva, 1972).
T he N orth American and E urasian freshwater flux time series were exam ined
utilizing d a ta analysis routines in SAS (SAS In stitu te Inc., 1985), Splus (Becker et
a l, 1988) and autoregressive tim e and frequency dom ain analysis routines by Privalski (1992) and Privalski and Jensen (1993). T he analysis for mean, variance and
annual and inter-annual variability was completed for all of the discharge records
for rivers discharging directly into th e Arctic Ocean.
T he frequency decomposition of th e Ob and Lena River freshwater discharge
time series in Figures 14 and 16 was created w ith th e Bell Laboratory Seasonal
A djustm ent (SABL) routine by Cleveland and Terpenning (1982). In this technique,
a Fourier transform ation to frequency space followed by filtering is perform ed on
the river discharge time series.
As an example, suppose th a t X m is a m onthly tim e series of river discharge
data. A power transform ation of X m may be decomposed into:
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Figure 13. Ob River discharge time series (m3/s): m onthly compo
nents and the annual average discharge.
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Figure 14. Decomposition of th e O b discharge record using th e Bell
L aboratory SABL routine. Com ponents are ordered top to bottom
as th e corrected series, th e tren d of th e series, the seasonal cycle, a
com ponent due to calendar effects over th e series, and th e irregular
flow com ponent left over when all th e others have been accounted for.
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Figure 15. Lena River discharge time series (m 3/s): monthly compo
nents and the annual average discharge.
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Figure 16. Decomposition of th e Lena discharge record using Bell
Laboratories SABL routine. Components are ordered top to bottom
as: the corrected series, the tren d of the series, th e seasonal cycle, a
com ponent due to calendar effects over th e series, an d th e irregular
flow component left over when all th e others have been accounted for.
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X p(m ) = t(m ) + s(m ) + c(m ) + i( m )

(2)

where t(m ) is a one year moving average th a t describes th e long term trend of the
tim e series; s(m ) is a yearly seasonal component th a t describes variation in the
discharge th a t m ore or less repeated itself every year; c(m ) is a m onthly compo
nent due to th e change in days/m onth and weeks/m onth; an d i( m ) is an irregular
component th a t describes the rem aining variation in the discharge series.
To see any tren d in th e discharge data, the seasonal and calendar components
m ust be extracted and th e adjusted series transform ed back to th e original scale
by applying th e inverse of th e original transform to th e transform ed and adjusted
tim e series. T he individual components are plotted for th e O b an d Lena Rivers in
Figures 13 an d 15.
To show the variation in a given m onth over the length of th e discharge time
series, the m onthly value of each component (i.e. trend, seasonal, calendar and
irregular) an d its variation about its own m ean over th e length of the discharge
record is shown in Figures 17 and 18. A more conventional approach is illustrated
in Figures 13 and 15 where the same m onthly discharge tim e series for the Ob and
Lena are plotted as separately colored lines. The last approach gives a qualitative
view of the variance of each m onth over th e discharge series. T he second gives a
qualitative view of th e variance superim posed over th e annual cycle and w ith the
addition of th e m ean of each m onth for a reference. In fact, all three plot types are
needed to help analyze th e river discharge along w ith m ore routine characteristics
such as m ean and stan d ard deviation and coefficient of variation.
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Figure 17. Ob River discharge seasonal com ponent (annually repeat
ing com ponent) from th e SABL routine o u tp u t, displayed as the vari
ation of each m onthly com ponent about its 50 year m ean and relative
to th e 50 year annual m ean cycle for th e to tal annual discharge of th e
river.
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Figure 18. Lena River discharge seasonal com ponent (annually re
peating component) from the SABL routine o u tp u t, displayed as th e
variation of each m onthly component about its 50 year mean and rel
ative to the 50 year annual mean cycle for th e to tal annual discharge
of the river.
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3.11 D iscussion
The prim ary concern is for factors th a t will influence th e volume, discharge
timing, distrib u tio n and continuity of discharge on a year-to-year basis. As noted
above, interannual variation is a result of large scale atm ospheric processes which
control the distrib u tio n and frequency of precipitation. In general, th e atm ospheric
sources of th e interannual precipitation distribution, and hence runoff and discharge
variation of th e A rctic rivers, are beyond th e scope of this study. Were it not for the
accompanying synoptic scale (i.e. >500 km) atm ospheric pressure fields th a t also
influence th e offshore distribution of the river discharge, th e significant interannual
variation in A rctic river discharge in b o th tim e and longshore distribution would
probably be sim ply noted and quantified w ith means and variances of th e individual
and combined discharges. Because of these synoptic scale atm ospheric patterns and
their influence, river discharge in b oth its statistical embodiments on an interannual
basis and in its geometric distribution m ust be exam ined and described factors
leading to p a tte rn s of discharge among an d between drainage basins (Gudkovich
and Nikiforov, 1965b; Shishkov, 1961).
Finally th ere is the factor of interannual continuity.

As noted, the annual

volume of freshw ater from runoff to the A rctic is very large, at times the largest
single source of freshwater flux to the Arctic. However, the Arctic Ocean is also
large (9.55 x 106 km 2), and Eurasian Arctic continental shelf w idths are about 500
km. However, th ere is evidence th a t some discharge periods may be coupled with
two or more successive high discharge years. Estim ates of discharge residence times
in or near th e K ara Sea vary from 1.5 to 3.5 years (Hanzlick and Aagaard; 1980,
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Schlosser et al., 1993). Thus, indications in th e R ussian literature of interannual
atm ospheric process continuity th a t effectively couple th e discharges of successive
seasons would allow th e effect of the individual annual discharges to combine to
affect density driven currents offshore (Gudkovich and Nikiforov, 1965). P erhaps the
m ost significant detail is th e indication th a t synoptic scale atm ospheric processes are
not stochastic an d do persist for 2 or m ore seasons. Several studies from R ussian and
American sources indicate th a t there is a 2 year sequential or quasi-biennial cycle of
high/low precipitation, tem perature and stream flow over th e Eurasian A rctic and
N orth America (W right, 1968; Drozdov and G rigor’yeva, 1972; K ondratsova and
Smirnov, 1973; G abetsadze and Serkov, 1979; Popov, 1979). Studies by Reed et al.,
(1961) and Landsberg et al. (1963) tie these cycles to hem ispheric quasi-biennial
atm ospheric circulation cycles.
The im pact of inter-year coupling in discharge cycles will be exam ined in later
chapters. The concept presented now points out th a t when considering th e effects
of river discharge, th e m ean and variance of individual rivers m ust be considered in
this context as well. Figure 19 depicts th e distribution of the m onthly discharges
over 50 years of 9 Arctic rivers m ore or less evenly spaced from east to west across
the E urasian Arctic. T he effects of the com bination of interannual discharge varia
tion and coupling between individual rivers over several years produces a strikingly
irregular discharge distribution in tim e and space. The fact th a t no coherent cycle is
detected as yet in th e combined discharge tim e series in Figure 11 using tim e series
analysis routines m ay m ean th a t th e analytical techniques lack sufficient sophisti
cation, th a t river discharge is tru ly stochastic, or th a t no appropriate correlations
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Figure 19.

Summed discharges of 9 Eurasian Arctic rivers evenly

distributed from east to west. The patterns of high and low discharge
regions appear to shift w ith tim e from east to west.
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were found.
T he next chapter examines th e only o th er large source of freshw ater discharge
to the A rctic Ocean: th e freshwater fraction of th e flow through Bering S trait.
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C hapter 4. B ering Strait Freshwater Flow
The Current at Point Hope
varied from 1.5 to 3 miles per hour
and was strongest inshore.
I t was very constant
and the water was much fresher
than the ordinary sea water.
C apt. F. W. Beechey, R. N. (1796-1856)

This chapter first examines th e history of flow m easurem ent in Bering Strait and
then reviews models th a t explain the flow. T he goal is to u n d erstan d w hat causes
interannual variation in Bering S trait flow an d to estim ate th e volume, tem perature
and salinity based on the longest tim e series and proxy-time series available. This
chapter also examines the variance of the tim e series, laater chapters utilize th e salt,
tem peratu re and volume flux tim e series as forcing in an effort to model the A rctic
surface layer and to examine th e effect of th e variation in Bering S trait freshwater
flow on A rctic circulation.

4.1 H istorical Observations
For alm ost 300 years, the only source of inform ation on th e flow through Bering
S trait were th e observations of m ariners and explorers. Velocity estim ates in Bering
S trait from th e 19th century existed, b u t they were based on ships set and drift or
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single anchor stations and were either of too limited n atu re in geographic extent
or too short a duration to yield useful inform ation (Federova and Yankina, 1963).
System atic observations of velocity, tem p eratu re and salt content began in August
of 1932 w ith th e establishm ent of a polar research station on Big Diomede Island
(O strov R atm anova) in the middle of Bering S trait (Ratm anov, 1937a, b; Maximov,
1944). Year round measurements started in 1941 (Leonov, 1947). T he first m odern
A m erican shipboard m easurem ents started in 1934 b u t were only sporadic during
and after W orld W ar Two until th e m id 1950’s (Zeusler, 1934; Coachm an et a l,
1976).
F lux estim ates based on d a ta earlier th an 1941 were strongly biased by the
season of navigation and thus only valid for th e months of May th ro u g h September.
Most early volume flux calculations com bined a few direct current measurem ents
during th e navigation season and th e geostrophic m ethod of Helland-Hansen (1905)
during th e rest of the year but ignored local wind stress and large scale atmospheric
forcing. Local wind stress and large scale atmospheric forcing h ad been observed
to be strongly correlated with current speed and direction (Federova an d Yankina,
1963).
W inter m easurem ents relied m ostly on geostrophic m ethods. However, because
of seasonal ice cover, calculations h ad to be m ade using sim ultaneous salinity and
tem perature measurem ents near coastal stations and islands in B ering S trait, and
correlations established from long te rm measurements. More recent studies by both
Soviet an d American scientists incorporate year long current m eter and current
m eter w ith CTD (conductivity, tem perature, depth) m easurem ent series w ith local
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wind stress calculated from large scale atm ospheric pressure fields to help explain
previous estim ates of salt, heat and volume fluxes through Bering S trait (Stock
m ann, 1957; A agaard et al., 1985).
The geo-politics of the Bering S trait have restricted non-Russian m easurem ents
west of 169° W (the channel between Big Diomede and Little Diomede Islands) in
Bering S trait after 1968 and prior to joint 1990-91 U S/R ussian m easurem ents. The
lack of d ata created large uncertainties in estim ates of Bering Strait salt, heat
and volume fluxes.

Also, lim ited access to English translations of R ussian lit

erature prevented wide dissemination of published d ata sets. T he 1990-91 joint
R ussian/A m erican direct measurements resolved some of the uncertainty (Roach
et al., 1994). T h e d a ta have a seasonal tem p eratu re and salinity signal com para
ble w ith previous Soviet measurements, b u t indicate th a t previous models of the
tran sp o rt/w in d relationship need to be altered. T he 1990-91 measurem ents also in
dicated th a t differences in flow direction between th e eastern and western channels
of Bering S trait m ay occur during the salinity m axim um in mid-winter resulting in
a change in the n et transports of both volume an d salt relative to previous estim ates
by Gudkovich (1961), Federova and Yankina (1963) and Roach et al. (1994).
Despite differences in m agnitude in salt and volume flux estim ates by m any
investigators over 50 years, Bering S trait flow probably is best represented by a
combination of two complementary models typified by those of Stigebrandt (1984)
and A agaard (1985): hydrostatic or steric height difference models and atm ospheric
forcing models. These two models account for all of the known forcing which de
term ine th e m agnitude and direction of salt, h eat and volume flux through Bering
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Strait.

4.2 H ydrostatic and A tm ospheric M odels
Stigebrandt (1984) utilizes a “global scale estuary” model of the ocean to demon
strate th a t a hydrostatic sea level difference between th e A tlantic an d Pacific of some
0.4 m exists and causes flow of low salinity N orth Pacific surface w ater through the
shallow (50 m) Bering S trait into the Arctic Ocean. Stigebrandt (1984) also demon
strated th a t tran sp o rt through Bering S trait is strongly related to the topography
of Bering Strait. He also noted th at there is an unrecognized b u t possible depen
dency of the freshw ater tran sp o rt on N orth Pacific salinity fluctuations if they are
correlated w ith unrelated barotropic velocity fluctuations (e.g. from atm ospheric
forcing). If N orth Pacific salinity fluctuations are out of phase w ith barotropic ve
locity fluctuations, th e effects on the tran sp o rt of freshwater (or salt) may cancel
each other.
Stigebrandt’s proposal of a complete Bering S trait tran sp o rt dependency on
topography and sea level difference would be accurate if Bering S trait flow were
purely barotropic.

However, observations over m any years indicate th a t Bering

S trait may be periodically stratified in b o th sum m er and w inter in either or both
eastern and western channels, creating local baroclinic flow com ponents and thus
requiring caution in applying transport estim ates based on purely barotropic models
(Federova, 1968; Roach et al., 1994).
A recent analysis, Overland and Roach (1987), using a wind forced barotropic
model examines th e contribution of some com ponents of Bering S trait flow and
concludes th a t th e m axim um northw ard flow is geostrophically controlled rather

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

82

th a n being controlled by friction and hydraulic factors. T he reasoning is based on
considerations of a model by Toulany and G arrett (1984) relating limits of volume
flux through narrow deep straits to rotational effects. However, the m odel does
not address previously recognized contributions from baroclinic com ponents due to
stratification in th e sum m er in the eastern p a rt of th e S trait and summer and winter
stratification in th e w estern p art of the S trait due to counter flows of low salinity
Siberian shelf w ater an d high salinity A nadyr S trait w ater (Federova, 1968). It is
also not clear th a t th e theory of Toulany and G arrett (1984) is fully applicable to
wide, shallow, seasonally stratified straits like Bering Strait. Neither study addresses
the difference in effect of bottom friction between narrow deep and wide shallow
straits.

The salient point is th a t the O verland/R oach m odel acknowledges the

dom inant effect of w ind stress on Bering S trait flow which is more in keeping with
historical observations.

4.3 A tm ospherically Forced Flow O bservations
In general, there has been a wide acceptance of th e steric height model of Bering
S trait flow. D espite b o th a long history of observations and publications in the
British, R ussian and Am erican literature, acceptance of th e notion of wind stress
a n d /o r large scale barom etric pressure differential as equally im portant in Bering
S trait flow variability has been slow. The reason for this m ay be due to lack of
winter observations (i.e. O c t.- March) by w estern observers (eg. Coachm an et al.
1975), and lim ited circulation of Russian publications and historical observations in
ship logs and Pilots.
Observations of effects of wind on currents in Bering S trait date to th e earliest
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recorded passage in 1648 by Dezhnev. Since their vessels were powered by sail and
oar, the strength and direction of wind and current were critical to b oth success
and survival of early explorers. Their observations, while lim ited to th e passage
duration, were b o th extensive and accurate. Observations such as these, combined
over centuries, form th e bulk of th e published Pilots. Zeusler (1934) quotes the
U.S. Coast Pilot, Alaska, P a rt II (1931) as indicating a n o rth setting Bering Strait
current of about 2 knots “... except when influenced by w ind.” T he Pilot also noted
th a t protracted autum n northerly gales change th e direction of flow to southward
and th a t th e current is stronger east th an west of th e Diomede Islands in th e center
of the Bering Strait.
Initial calculations of differences between w inter an d sum m er flow in Bering
S trait caused by wind forcing were determ ined by M aximov (1944).

He found

the winter m ean flow was 23% of summer (137 Sv sum m er to 32 Sv winter). By
1954, Stockm ann dem onstrated th a t a com bination of wind field and one or two
point velocity m easurem ents could be used to calculate flow ra te through Bering
Strait. Utilizing one of R atm anov’s point measurem ents, th e wind velocity and a
coefficient of tu rb u len t friction, Stockm ann obtained tran sp o rts in close agreement
w ith those derived from R atm anov’s m ultiple point m easurem ents (Federova and
Yankina, 1963). Gudkovich (1961) argues th a t Stockm ann’s scaling argum ents are
incorrect because larger scale regional wind fields dom inate over local wind fields
and the Coriolis effect should be ignored due to its m agnitude relative to bottom
friction and not due to the narrowness of Bering S trait (the later point was argued
20 years later by Stigebrandt (1984) and Overland and Roach (1987)). Despite these
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differences, Gudkovich agrees th a t th e “...air tran sp o rt in Bering S trait is reflected
in th e intensity of the currents in th e S trait.’’(Gudkovich, 1962).

4.4 B ering Strait T ransport
By 1968, calculations of to tal tran sp o rt, and heat and salt tran sp o rt through 1965
had been published b o th in Russian journals and as w estern journal English transla
tions (Federova and Yankina, 1963, 1964; Federova, 1963, 1968; Gudkovich, 1962).
W hile previously unacknowledged in th e western literature, more recent studies
have noted bo th the existence and accuracy of th e early Russian d a ta (Overland
and Roach, 1987; Roach and Aagaard, 1994). A agaard et al. (1985), calculated the
correlation between wind stress and tran sp o rt in Bering Strait using a tim e series
from a 160 day 9 mooring array covering the region of Bering S trait through the
w inter of 1981-2. The relationship was:

TSv = —0.0604 W + 0.712,

(3)

where Ts„ is the tran sp o rt (+ N ) and W is the calculated geostrophic wind velocity
in m s - 1 . T he correlation for their study had an r value of - 0.76 which indicates
th a t the estim ated flow accuracy is ± 20%. This places the A agaard et al. (1985)
estim ates w ithin 20% of th e lower estim ates of Federova and Yankina (1964) whose
estim ated accuracy was less th a n ±10% ; (e.g. A agaard et al. (1985) had monthly
flow values 50% greater th a n the flow values of Federova and Y ankina (1964)).
A agaard et al. (1985) did find the respective am plitudes of the seasonal cycles to
be directly comparable.
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Coachm an and A agaard (1988) modified the relationship upon exam ination of
newer d ata to yield the equation:

TSv = 1-06 -

0.112 W

(4)

This improved th e r value to - 0.82 or about ± 10% and brought th e ir estim ates to
w ithin 10% of th e lower estim ates of Federova and Yankina (1964).
Roach et al. (1985) developed a relationship between th e N ational Meteorolog
ical Center M onthly Mean Version of th e Northeast-Pacific A tm ospheric Pressure
Index (N E PPI) and Bering S trait flow volume. N E P P I is an analog for the large
scale sea level pressure differential across Bering S trait b u t is m easured between
40°N, 120°W near Reno, NV, and 50°N, 170°W in the NE Pacific. It is basically a
m easure of th e strength and position of the Aleutian Low. T he two locations chosen
have barom etric pressure d ata from 1900 to the present. T he relationship is:

TSv = 1.24 -

0.042 ( N E P P I )

(5)

T he correlation of N E PPI estim ated flow and observations is -0.85 indicating th a t
th e N E P P I estim ated flow is still about ± 10% accurate relative to year long current
m eter observations made in 1976-1977, 1981-1982 and from a Bering S trait hydrographic and current m eter section occupied during various years between 1964 and
1973 ( Coachm an and A agaard, 1988). B oth Roach et al. (1985) an d Coachm an and
A agaard (1988) argue th a t th e correlation becomes weaker for th e April-Septem ber
seasonal cycle, and therefore they use tran sp o rt calculated from w ind stress between
Septem ber and April. However, Coachm an and A agaard (1988) estim ate th a t the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

40 year m ean tran sp o rt to be 0.8 Sv versus 0.6 Sv in A agaard et al. (1985). Roach
et al. (1994) note th a t th e 1990-1991 Bering S trait current m eter m easurem ents
indicate th a t wind stress/tran sp o rt relationship is altered in favor of m ore vigorous
southw ard tran sp o rt during no rth wind events th an had previously been believed.
W ith these m ore recent calculations the erro r bars of the various estim ates begin
to overlap considerably.
All studies do agree th a t largest tran sp o rt variance occurs during th e O ctober
to M arch period, and thus this period will determ ine the interannual tran sp o rt vari
ability. Coachm an and A agaard (1988) note th a t even if one holds th e tran sp o rt
constant for th e April to September period a t 0.9 Sv and utilizes the N E P P I re
lationship for th e October to M arch period, th e calculated tran sp o rt estim ates are
still w ithin th e variability estim ated from th e wind stress based estim ates. As there
is a longer continuous record of N EPPI th a n there is for wind in Bering S trait, and
given the large overlap in th e error estim ates for transport, the N E P P I relationship
has been utilized to estim ate m ean m onthly tran sp o rt for the entire year in this
work.
Since th e variability in th e m agnitude of th e freshwater component of th e flow is
pertinent to this study, the flow estim ate and available estim ates of salinity are used
to calculate a freshwater fraction relative to th e salinity value of the A tlantic water
entering th e Arctic through Fram Strait. Federova (1968) contains a 25 year time
series of m ean m onthly salinities for Bering S trait from 1941 through 1965. The
tim e series uses correlations between long term observations at Ostrov Ratm anova,
Siberian coastal stations and cruise d a ta in th e the eastern and western channels to
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calculate th e m ean m onthly Bering S trait salinity. The d a ta used for th e correlation
consisted of a 25 year daily salinity series a t O strov R atm anova (1941-1965) and
m onthly series during an overlapping 12 year period from 1932-1943. Federova
(1968) notes th a t salt tran sp o rts are lower an d steadier in th e w inter and th a t the
salt tran sp o rt increases in May and peaks in A ugust concurrently w ith the observed
high sum m er flow velocity. D ata was acquired from th e Russian N ational Academy
of Sciences to extend the salinity series for O strov R atm anova to 1989. The newly
acquired R ussian historical m ean m onthly salinity d ata from th e Russian Polar
Station on O strov R atm anova is utilized along w ith th e published Federova (1968)
m ean m onthly salinity values and tran sp o rts derived as discussed above from Roach
et al. (1985) an d Coachman and A agaard (1988) to extend these m ean m onthly salt
fluxes to 1987. From the resulting values, th e fresh w ater fraction of the tran sp o rt
is calculated as:

T/j = 1.24 -

0.042 ( N E P P I ) i j

^ At\Z ^ B^ij

(6)

\ S At)

where

is th e m onthly m ean freshwater fraction of the to tal Bering S trait flow

in Sv for m o n th i and year j , ( N E P P I ) i j is th e m onthly m ean N orth East Pacific
Pressure index from Roach et al. (1985) for m onth i and year j , S d t is the A tlantic
layer reference salinity and Sbs is the Bering S trait m onthly m ean salinity value
for m onth i an d year j . A value of 34.80 for S a i is utilized based on the studies of
A agaard and Carm ack (1989). Values of Bering S trait m ean m onthly salinity for
1941 to 1966 come from Federova (1968) and, from 1980 to 1989, from records at the
Russian Academ y of Sciences, Moscow. T he long term m onthly m ean salinity from
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Federova (1968) is used to fill gaps in the tim e series. T / , th e monthly freshwater
flux through Bering S trait, is shown in Figure 20 for the period 1941-1987. T j , the
mean annual freshw ater flow for Bering S trait 1941-1987, is shown in Figure 21.
The salinity values used from 1966-1979 for the Bering S trait freshwater flux
estim ate in th e calculations are the 25 year m ean m onthly salinity from Federova
(1968), th e variance in the estim ated mean m onthly freshwater flux through Bering
Strait w ith th e 25 year mean, 1966-1979, and w ith the observed salinity values
of Federova (1968), 1941-1965, are the nearly the same a t 0.00074 and 0.00078
respectively.

4.5 Interannual Variation in Bering Strait Fluxes
The total volume, salt and freshwater flux through Bering S trait are im portant
param eters for depicting the role of runoff in Arctic circulation. As noted earlier,
the freshwater com ponent of Bering S trait flow is equivalent in annual volume to
the freshwater from runoff in th e Arctic and thus will be a significant factor in
determining th e freshwater content and density structure in th e Arctic surface mixed
layer. U nderstanding th e role of the Arctic hydrological cycle in the circulation in
the Arctic requires knowing m ore th an the annual Bering S trait flow volume and its
freshwater com ponent. At least Bering S trait annual and interannual tem perature
variation is required to calculate density and will be used later in a numerical
model.
Only 25 years of continuous d ata is below th e lower lim it for tim e series analysis
to detect climatological cycles which are thought to have a t least decadal tim e scales.
Time series analysis routines such as the autoregressive schemes of Privalski (1992)
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Figure 20. E stim ated m onthly mean freshw ater tran sp o rt th rough
Bering S trait derived from volume tran sp o rt from Roach et al. (1985)
and salinities from Federova (1968) and recently recovered historical
salinity d ata from Ostrov Ratm anova. T he Bering S trait freshw ater
is shown as a solid line, and the mean of th e 43 year series is shown
as a solid line at 0.058 Sv.
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Figure 21.

E stim ated annual m ean freshw ater tra n sp o rt th rough

Bering Strait.

T he d ata is th e sam e as th a t in F igure 20, b u t it

has been summed over each year to show th e annual Bering S trait
freshwater tran sp o rt variation.
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and Privalski and Jensen (1993) require 5 complete cycles at a given frequency for
complete resolution of a cycle. Thus, at best, only pentadal cycles in th e Bering
S trait flow series could be resolved. Although n o t shown, frequency spectra of the
tim e series of Bering S trait fresh w ater flux show only a slow roll off tow ard higher
frequencies or a “red” spectra similar to those of most of th e river spectra.
Climate scale events may be present in th e data. A agaard et al. (1985) and
Coachman an d A agaard (1988) both indicate th a t before 1969, 70% of th e estim ated
annual m ean Bering S trait transports were greater th an th e 40 year m ean (19461985), and 30% were more th an 1 stan d ard deviation greater th an th e 40 year
mean. A fter 1969, 70% of the estim ated annual mean tran sp o rts were less th an
the 40 year m ean (1946-1985), and 30% were m ore th an 1 stan d ard deviation less
than the 40 year mean. W ithout a continuous tim e series of salinity for at least the
station a t O strov Ratm anova, speculation about climate scale events in freshwater
flux through Bering S trait during the period from 1966 to 1979 would be risky. The
freshwater flux is estim ated utilizing the com bination of observations and long term
m onthly m ean salinities based on the argum ent th a t the use of long term m eans in
lieu of actual d a ta does not change th e variance in the freshwater flux estim ates.
The annual tem perature in Bering S trait has less variation th a n th e salinity as
seen in Figure 22. Since th e tem perature changes quite regularly m onth to m onth
and east to west, Federova and Yankina (1964) established correlations for th e wa
ter tem peratures in the east and west passages w ith the w ater tem perature at the
Ostrov R atm anova Polar Station. Table 4 shows th e 15 year (1946-1961) m onthly
mean Bering S trait tem peratures of Federova an d Yankina (1964) along w ith the
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d ata from O strov R atm anova for 1986-1989. In general, th e w inter tem peratures
(D ecem ber-A pril/M ay) are a t th e freezing point of th e resident seawater and pos
itive during th e sum m er m onths (June-O ctober). W inter tem p eratu re profiles are
neaxly isotherm al top to b o tto m at —1.82 ± 0.04 deg C. In th e sum m er/fall period,
the western p a rt of Bering S trait is frequently colder th a n th e eastern p art, and
the eastern p a rt is frequently stratified due to elevated tem p eratu re from insolation
and reduced salinity from Yukon River runoff (Coachm an et a/., 1975).

4.6 N et B ering Strait Freshwater Flux
The m ean freshw ater flux through Bering S trait, calculated under the above con
ditions for th e period 1941-1987, is 0.06 Sv; th e m axim um is 0.12 Sv, and the
minimum is -0.03 Sv. B oth th e minimum and m axim um take place during periods
when salinity observations (e.g. 1946-1965,1980-1987) exist. T he estim ated annual
Bering S trait flows for 1941-1987 derived from these m onthly flows have a mean
of 0.9 Sv, a m axim um of 1.1 Sv and a m inim um of 0.7 Sv. These compare with
total flow statistics from Coachm an and A agaard (1988) indicating a 40 year annual
mean (1946-1985) of 0.8 Sv w ith a maximum of 1.2 Sv and a minimum of 0.5 Sv.
This is w ithin the error estim ate of ±25%, and the plotted d a ta closely follow the
data of (Coachm an and A agaard, 1988). The m ean volume of freshwater tran sp o rt
through Bering S trait is approxim ately 8% of th e to tal volume tran sp o rt under the
stated assum ptions. W hen com pared to th e estim ated to tal freshwater discharges
in Chapter 3, th e to tal freshw ater transported to the Arctic Ocean through Bering
Strait is generally either th e same or less th a n th e to tal river runoff to the Arctic
Ocean.
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Table 4. Four studies of Bering S trait m onthly m ean tem peratures.
Some variation in the onset of w inter cooling and spring w arm ing can
be seen. The tem peratures are m onthly means for Bering S trait cal
culated from observations a t the Polar Station on O strov R atm anova
(Big Diomede Is.).
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Figure 22. 15 year m ean m onthly Bering S trait tem perature from re
cently recovered historical salinity d a ta from Ostrov Ratm anova and
from Federova an d Yankina (1964). In general, th e winter tem pera
tures (D ecem ber-A pril/M ay) are at freezing for th e salinity and posi
tive during the sum m er months (June-O ctober). W inter Tem perature
proflies are nearly isotherm al top to bottom a t -1.82± 0.04 °C.). The
line and points represent the 15 year m ean (1941-1960), the other
points are m ean m onthly values for th e years 1986 (solid squares),
1987 (open triangles) and 1989 (open squares).
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The next chapters examine the contribution of Bering S trait freshw ater flux
relative to river runoff. These estim ated values for Bering S trait freshw ater flux
are utilized in two ways: as a scale w ith which to compare th e m agnitude and
im portance of runoff, and as a prognostic elem ent in a one dimensional mixed layer
model.
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C hapter 5. Low Salinity W ater M ovem ent in th e A rctic
However insignificant the quantity m ay appear
in comparison with the contiguous part o f the ocean,
the influence o f the fresh water is nevertheless
very great.
The freshwater generates currents n ot directly
but by mixing with the salt water.
One unit o f freshwater added even to a hundred units
of salt water produces a mixture,
the specific weight o f which is considerably less
than that of the oceanic water and consequently
tends to spread out over the surface.
Thus the river sets in m otion a quantity of water
which exceeds the volume of the river itself
by a hundred times or more.
S. 0 . Makarov; 1864-1955

5.1 Introduction

T he derivation of th e present concepts of circulation of w ater in the A rctic as an
essential link in th e circulation of the global ocean was explored in the introduction.
If these concepts are valid, variations in freshwater fluxes in the A rctic Ocean may
control production of various w ater masses in the no rth ern N orth A tlantic. Also, if
these concepts are valid, the variability of th e distribution of surface salinity in the
A rctic basin, and thus its density, will be p artly responsible for th e m ean currents
th a t control ice regime fluctuations over th e A rctic seas th a t connect the Arctic and
N orth Atlantic.
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Runoff and Bering S trait flow is discussed in th e preceding chapters; however,
they b o th enter th e A rctic at the m argins and traverse wide continental shelves
of the A rctic Ocean before they can enter th e central basin. Bering S trait flow
has b o th hydraulic forcing from a steric height difference between th e A tlantic and
Pacific Oceans and seasonal wind forcing to carry it across the Chukchi Sea shelf.
Freshwater from runoff which m ust exit th e Arctic Ocean in th e T P D m ust also cross
the continental shelf to get there (Anderson et al., 1994; Schlosser et al., 1993), but
the mechanism is less obvious.
As m entioned above, early observers, like Makarov (1894), noted th e influence
of rivers in producing currents. Several Russian authors directly addressed the
concept of runoff influenced currents in th e Arctic (Antonov, 1958; Zubov, 1963;
Treshnikov and Baranov, 1972). Tank and numerical models and ice drift buoy
d ata confirm th a t th e general circulation in the Arctic is largely wind driven, but
over one th ird of th e long term current variability can n o t be accounted for by a t
mospheric forcing alone (Gudkovich and Nikiforov, 1965a; Thorndyke and Colony,
1982). Treshnikov and Baranov (1972) proposed a m ethod by which th e buoyancy
forced current com ponents in the Arctic m ight be differentiated, including a sep
arate com ponent for runoff buoyancy forcing, b u t did not pursue th e subject in
their book citing scope lim itations. On th e other hand, Nansen (1892) is frequently
cited as having found surface salinities to rise from th e Laptev Sea tow ard Fram
Strait possibly indicating th a t freshwater from runoff was mixed away before it
reached F ram Strait. Also numerical models were recently utilized to dem onstrate
that the large Arctic rivers had no discernible influence on the Arctic Ocean and
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its circulation (Sem tner, 1974; 1986). However, studies involving observations and
modeling on tem p erate shelves suggest mechanisms by which runoff can cross conti
nental shelves and influence flows at great distances from th e source (Pietrafesa and
Janow itz, 1979; Beardsley, 1983; Blanton and Atkinson, 1983). Also, several obser
vations suggest th a t Arctic river runoff frequently crosses the continental shelf and
enters the central A rctic Basin as brackish surface plum es (Milligan, 1969; Becker
et al., 1987; Q uadfasel et al., 1993).
Buoyancy flux from runoff is an im portant factor in creating alongshore and
cross shelf currents on tem perate continental shelves. Likewise, buoyancy flux from
runoff and sea ice m elt are two im portant shelf processes th a t influence th e circu
lation of surface w ater on Arctic continental shelves. The interannual variability
of these two buoyancy sources, if they p enetrate to th e central Arctic, can create
Arctic surface density variability, ice regime fluctuations and thus, changes in the
stratification in th e central Arctic. Changes in th e central Arctic stratification ul
tim ately tran slate into changes in the stratification in the northern N orth A tlantic
and thus, to subsequent global circulation variability.
Describing th e effect of the runoff com ponent of buoyancy forced circulation in
the Arctic presents some special challenges. F irst, there are only sparse historical
synoptic hydrographic d a ta sets. Second, available synoptic d a ta sets are for ice
drift and atm ospheric forcing alone, and thus the com ponent from buoyancy forc
ing is only determ ined as an error term in the variance in drift rates (eg. Colony
and Munoz, 1985; Thorndyke et al. 1982; 1991). T hird, num erical general circu
lation models which are capable of reproducing buoyancy driven circulation using
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actual historical forcing param eters have so fax only m ade runs of one year duration
due to lack of sufficient historical atm ospheric d a ta sets (R u th Preller, personal
com m unications).
Simple, tim e dependent vertical 1-dimensional models of th e Arctic mixed layer
and cold halocline describe th e time varying properties of th e upper Arctic Ocean,
although they only yield horizontal averages of properties (e.g. Bjork, 1989). The
result is th a t the effect of freshwater runoff on the A rctic Ocean can be modeled
using understanding of th e physics involved, an estim ate of th e m agnitude of the
changes involved can be obtained and this inform ation used to evaluate the effect
of the A rctic river hydrological cycle on th e Arctic Ocean.

5.2 Freshw ater B uoyancy and A rctic C irculation
Several authors have examined th e role of sea ice and oth er fresh w ater in the
vertical circulation of th e high latitude oceans (e.g. A agaard et al., 1985; A agaard
and Carm ack, 1989; Bjork, 1989; Stigebrandt, 1981). Upon close exam ination, the
hypotheses concerning th e m ajo r forces th a t cause the movement of w ater in the
Arctic Ocean have been, for th e most p art, based on different assumed patterns of
surface w ater circulation. However, deep and bottom currents have frequently been
studied independently of surface currents. This may well have lim ited understanding
of Arctic circulation since there is a close coupling between th e various hydrologic
fields. As an example, velocity and density fields are linked by th e requirem ents for
mass conservation, th e balance of density advection and tu rb u len t diffusion, and
the balance of vorticity from wind curl, planetary ro tatio n and changes induced
by the flow over topography. By studying current system s separately, their roles
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have been distorted by th e lack of a requirem ent to m aintain these balances. The
role of buoyancy forcing from river runoff in Arctic circulation should be examined,
not in a vacuum and independent of the other forcing param eters, b u t in concert
w ith them and as a seasonally varying param eter instead of th e fixed value it has
traditionally assumed in p ast modeling efforts (e.g. Sem tner (1976, 1984).
Thorndyke and Colony (1982) quantify the buoyancy forced com ponent of Arc
tic flow at 1-2 cm s-1 as an unexplained residual in th e variance in th e m ean surface
current velocity field, th e rest of which can be assigned to variance in th e wind field.
This residual com ponent represents from one th ird to one half of the m ean velocity
regime a t m onthly tim e scales in th e central Arctic. Thus, buoyancy forced mean
current com ponents at 1-2 cm sec-1 could be quite im p o rtan t in the central Arctic
basin surface layers.
Gudkovich and Nikiforov (1965b) suggest th a t alternating annual hydrologi
cal and atm ospheric forcing cycles of dry/cold (w et/w arm ) conditions create large
masses of anomalously dense (light) w ater on the E ast Siberian Sea shelf near the
shelf break.

These masses have been observed to move westward embedded in

the Delong C urrent (p art of th e Trans-Polar D rift), along the shelf break between
Wrangle Island near 72°N 180°W and Severnaya Zemlya near 82°N 90°E, in syn
optic density field m easurem ents m ade by a grid of drifting R ussian ice stations
between 1948 and 1956. W hile th e persistence of these features would have to be
more th a n 4 years, th e authors point out th a t similarly long lived “islands” of both
fresh and salt w ater h ad previously been observed in th e Black Sea and thus are
not w ithout precedent.
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Gudkovich and Nikiforov (1965b) also suggest th a t as long as the em bedded
water m asses retain their anomalous density properties, they will im pact the lo
cal shelf circulation w ith anti-cyclonic circulation (cyclonic circulation) about the
dense (light) anomalies. The circulation about the anom alies will tend to entrain
(block) shelf flows, particularly in the shallow summer season surface layer, depend
ing on th e location and n atu re (relatively denser (lighter)) of th e anomaly. T he fact
th at these phenom ena seem to be driven by cycles of atm ospheric forcing a t an
nual and interannual tim e scales indicates th a t they m ust also be linked by physical
mechanisms. C old/dry atm ospheric cycles over N orth Am erica or Eurasia, would
produce m ore sea ice and hence more salty dense w ater since freezing is th e Arc
tic equivalent of evaporation at more tem perate latitudes (A agaard and Carmack,
1989). W arm er/w etter cycles would produce more snow inland and m ore runoff
with fresher, lower density surface waters supplanting th e dense waters advected
alongshore by the Delong C urrent and Trans-Polar Drift (Gudkovich and Nikiforov,
1965b). T he result will be alternating dense and light w ater masses. The altern at
ing cycles of atm ospheric forcing could also change th e prevailing wind field which
would a lter Ekm an drift in th e surface layer.
T he only independent western observation of the possible effects of this phe
nomena on the central A rctic Basin may be observed in th e drift of Fridtjof N ansen’s
FRAM . Positions during the runoff period show F R A M drifting about in an area
only 100 km and 50 km wide. In the November to April period, when runoff is
reduced, F R A M ’s drift proceeds in a straight line for a distance of over 300 km
(Nansen, 1897; Anonymous, 1970). The areas where th e drift stagnates lie in the
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waters near th e shelf break offshore of th e Laptev and K ara Seas in succeeding
years. This m ay im ply th a t the less dense w ater masses proceeding along th e shelf
break are supplem ented annually by runoff from large river system s or th a t once the
ice pack becomes m ore internally m obile in th e sum m er breakup period, local water
mass characteristics will dom inate th e mesoscale surface current field. Generally,
larger scale atm ospheric forcing, which is acknowledged to dom inate in th e balance
th a t produces th e overall ice m otion a t annual tim e scales, is thought to dom inate
the mesoscale surface current field as well (Thorndyke and Colony, 1982). Either
explanation m ight explain the peculiar drift p attern of th e FR A M .
W hile buoyancy driven effects in coastal regimes, and to a lesser degree ocean
basins, are well studied w ith many supporting observations at tem perate latitudes,
the opposite can be said of th e Arctic. Even if the largely unavailable R ussian Arctic
hydrographic d a ta sets cited in Treshnikov and Baranov (1972) were available, it is
not clear th a t it would give more th a n a cursory overview. This would be particu
larly tru e if th e same level of effort exercised through 1956 was not carried through
to the present. However, while the d a ta is not available, there is a well developed
body of R ussian literature which is directed at predicting the sea ice conditions on
the N orthern Sea Route between M urm ansk on the B arents Sea and Vladivostok
on the Pacific Ocean. T he studies encompass many aspects of th e large scale circu
lation and air-sea interaction in th e Arctic, and m any are translated into English.
These studies, startin g w ith Zubov (1963), recognized th e significance of such a
large volume of runoff discharge entering th e relatively small area and volume of
the Arctic Ocean surface layer in as far as its potential for creating buoyancy driven
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flow was concerned. Zubov (1963) also recognized th a t runoff driven circulation is
superim posed on convective and Ekm an (or drift) circulation and helps form a very
complex system .
Access to th e Russian Arctic hydrographic d a ta necessary to analyze Arctic
Ocean circulation and to determ ine how th e A rctic hydrological cycle affects it
is still lacking.

However, long, com parable periods of historical m onthly m ean

meteorological d a ta are available and, w ith this study, historical m onthly m ean
runoff discharge d a ta and an estim ate of m onthly mean Bering S trait freshwater
flux. These th ree can be used in lieu of hydrographic observations, such as those
utilized by Treshnikov and Baranov (1972), for th e analysis of th e effect of the
hydrological cycle on shelf and ocean circulation in th e Arctic through their inclusion
in a num erical model. The quantity to be investigated with a model is th e seasonally
and interannually varying mixing and subsequent advection of runoff out of the
Arctic Ocean as b o th ice and liquid freshwater. T h e next chapter will describe a
1-dimensional num erical model and the utilization of these d a ta sets in it. This
model will help us describe th e qualitative and quantitative effects of the annual
and interannual Arctic hydrological cycle, not independent from , b u t in concert
w ith the oth er interactions th a t take place in th e Arctic Ocean. T he model should
allow the projection of how interannual changes in runoff discharge will affect the
Arctic Ocean circulation.
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C hapter 6. R esidence T im es From A n A rctic M odel
It is wrong to think
that the task o f physics
is to find out how nature is,
physics concerns only
what we can say about nature.
Neils H. D. Bohr (1885-1962)

6.1 Introduction

D em onstrating th e validity of th e hypothesis th a t variation in th e volume and dis
tribution of freshwater from runoff (hydrological cycles) has an effect on continental
shelf and ocean circulation in th e Arctic requires dem onstrating not only th a t runoff
interacts w ith th e surface mixed layer over much of th e A rctic Ocean, b u t also th a t
some way of detailing this interaction and its tim e scales m ust be found. Sufficient
hydrologic and hydrographic d a ta may exist in Russian archives to dem onstrate
b o th the effect of runoff on circulation and its interannual variation (Antonov, 1958;
Gudkovich and Nikiforov, 1965). Studies published in th e Russian literatu re even
suggest a m ethod to test th e hypothesis (Treshnikov and Baranov, 1972). How
ever, access to the R ussian hydrologic and hydrographic d a ta is not available and
so the suggested test tantalizes b u t does not satisfy. Nevertheless, recent advances
in num erical modeling allow th e utilization of th e meager d a ta gathered by western
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scientists over th e last 100 years to establish b o th the details of th e interactions of
runoff with th e A rctic Ocean and their tim e scales.
To establish th e tim e scales and mechanisms for interactions of freshwater from
runoff w ith the A rctic m ixed layer and halocline, first knowledge is required of how
average properties w ithin th e Arctic basin vary w ith time. For these purposes, a 1dimensional model of th e mixed layer will suffice, since this stu d y is only concerned
w ith details of th e A rctic m ixed layer in the vertical. Later, w ith bo th observations
and another model, one could examine details of the horizontal properties of the
Arctic surface mixed layer and the effect of th e variation of runoff distribution and
discharge on it. Here a modification of a 1-dimensional tim e-dependent model by
Bjork (1989) rew ritten to accept runoff and Bering Strait d a ta from this study as
time varying forcing instead of the long term m ean forcing utilized in the original
model im plem entation is utilized.
To establish th e effect of variation in th e volume of freshw ater from runoff on
the Arctic mixed layer requires determining th e residence tim e for and proportion
of freshwater from runoff in the Arctic mixed layer. This is because short resi
dence times and large fractions of freshwater from runoff in surface layers could
enhance the form ation an d m aintenance of density gradients and geostrophic cur
rents. Longer residence tim es and a small fraction of freshw ater from runoff in
the Arctic m ixed layer would inhibit the creation and m aintenance of horizontal
gradients.
T he m ost frequently cited estimates for th e residence tim e of a substance in
the Arctic upper layers is about 10 years. This was derived from volume exchange
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calculations, radioactive tracer m easurem ents, river discharge d ata and naturally
occurring stable isotope ratios (A agaard and Coachm an, 1975; O stlund and Hut,
1984; Schlosser et al., 1993). However, these estim ates have a large range and are
m ade under m any different assum ptions. As an example, one can utilize a flushing
ra te model:

rry

■Lf l u s h

=

1^ o lu m e A rc tic Ocean X A S
--------- ~ ---------------------V / reshin f l o w

fn\
( 7)

where:

A c<-

AS

^ b o t t o m salinity

S 3Urf a ce sali nity

-------------- -------------- —----------------- .

(8)

bottom salinity

If one assumes all of the freshwater inflow is river runoff (est. 3.3 x 1012 m 3
y r-1 (A agaard and Carmack, 1989)), the volume of th e Arctic mixed layer plus
th e halocline is 1.91 x 1015 m 3 (9.55 x 1012 m 2(area) x 200 m (average depth)),
^ bottom salinity ^ 35 and ^aur/ace salinity

32.5, one gets a flushing time of about

40 years. To get flushing tim es of about 10 years, th e A rctic mixed layer plus the
halocline would have to be about 50 m deep.
L iterature estim ates of th e residence tim e for freshwater runoff in the Arctic
mixed layer plus th e halocline is about 10 years, and th e observed depth of the
Arctic mixed layer plus th e halocline is much more th a n 50 m. However, the Arctic
mixed layer plus th e halocline comprise th e TPD and are th e tim e varying source
of low salinity w ater which has an im portant role in m odulating th e convective
circulation in th e N orthern N orth A tlantic. The difference between the observations
and modeling indicates th a t th e mechanisms determ ining th e residence tim e of
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freshwater in th e Arctic and thus, th e mechanisms determ ining th e salinity of the
TPD , are n ot well defined and worthy of further investigation.
To exam ine w hat mechanisms control or modify th e residence tim e of freshwater
in the A rctic surface mixed layer and halocline, a modification of a 1-dimensional
numerical model of th e A rctic is utilized (Bjork, 1989; 1990). W ithin this modified
version of th e original model the “best possible” values of th e residence tim e as
a function of depth can be determ ined. T he model residence tim es can then be
validated against independent tritiu m d a ta (O stlund and G rail, 1993). The different
components of th e basin circulation which contribute to th e overall residence time
at each level in th e w ater column are also clarified. Good estim ates of the overall
residence tim e variation w ith depth axe fundam entally im p o rtan t and also have far
reaching implications: th e transfer rate and concentration of pollutants carried into
the ocean by freshwater runoff are highly dependent on th e details of th e residence
times in th e system. This stu d y also helps in the interpretation of previous studies,
particularly those involving vertical tracer profiles.
F irst th e circulation model and show results for th e steady state salinity and
tem perature profiles will be described. Then, how well th e model reproduces the
actual tim e scales in th e A rctic mixed layer/halocline system will be examined by
introducing a transient radioactive tracer (tritium ) and th e model results compared
with observations. After this model validation, a passive tracer will be injected into
the model and its concentration with tim e and depth followed to determ ine the
residence tim es a t different levels. Finally, th e tim e scales suggested by th e model
dynamics an d verified by th e tracer simulations will be shown to have im portant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

108

implications for th e residence tim e of freshwater runoff in th e Arctic.

6.2 M odel D escription
The first Arctic Ocean model (see Figure 23 for a schem atic cartoon and see also,
Bjork (1989) for details) consists of a 1-dimensional stratified w ater column with
an upper mixed layer of thickness h with salinity S m , tem p eratu re Tm and density
pm.

Below the mixed layer is a transition region where th e salinity and tem per

ature gradually a tta in th e values in the A tlantic layer S a, Ta , b o th of which axe
kept fixed at the observed values. The Bering S trait inflow is inserted at the level
of neutral buoyancy. T he outflow of w ater through Fram S trait an d th e Canadian
Archipelago is modeled as a geostrophically controlled outflow which takes place at
all levels above the A tlantic layer. The outflow a t a given depth is controlled by the
density stratification below th a t level. T he to tal outflow, Qg, is directly propor
tional to the potential energy of the whole model w ater column above th e Atlantic
layer referenced to a homogeneous w ater column w ith A tlantic w ater properties and
occurs at all levels above th e A tlantic layer. The outflow from each individual layer
j is denoted as

qj.

Ice is exported by a prescribed outflow

Qi

which equals the

annual net ice growth.
The mixed layer dynam ics closely follow a pycnocline model developed by Stigeb ran d t (1981) where th e mixed layer deepening is controlled by th e entrainm ent
velocity which is forced by th e friction velocity and th e buoyancy flux through the
sea surface. The w ind results in an ice velocity which is coupled to the friction
velocity by a drag form ula. If th e entrainm ent becomes negative (thinning of the
mixed layer) th e mixed layer is set to the thinnest of two different length scales:
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Figure 23. Schematic representation of the 1-d ocean model (from
Becker and Bjork, 1994).
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the M onin-Obukov or the Ekm an length. T he salinity of th e mixed layer is formed
by the entrainm ent of w ater from below th e mixed layer, river inflow and salt flux
from the form ing of sea ice. T he mixed layer tem perature is set to a fixed value of
-1.7° C.
T he density stru ctu re below th e mixed layer is controlled by th e advection due
to outflow Qg, inflow of Bering S trait w ater Qf, and a separate vertical circulation
scheme called th e shelf circulation. The shelf circulation sim ulates the observed
production (e.g. A agaard et al., 1985) and th e interleaving (e.g. Melling and Lewis,
1982) of cold, highly saline, and thus dense, shelf waters which settle to a depth
of sim ilar am bient density as they move offshore (see Figure 24 for a schematic
cartoon). M ost of this shelf w ater type is probably formed in polynyas on th e wide
Arctic shelves where the ice production and associated brine release can be very
large (Cavalieri and M artin, 1994).
In the model, inflow from th e shelf, Qs, is prescribed an d is partitioned into
a num ber of fluxes a t different salinities such th a t the flow decreases linearly with
increasing salinity. The different fluxes are taken from th e homogeneous curve,
q(s), according to the inset in Fig. 24, where q(s) is the flow at salinity s. The
m inim um salinity in the outflow is th e same as the mixed layer salinity, S m , and th e
m axim um salinity, S s, is prescribed from observations. T he shelf inflow is formed
from mixed layer w ater resulting in an outflow from th e m ixed layer, Qm . In th e
model, im plem entation of this type of circulation proceeds in th e following way as
illustrated in Fig. 24. W ith th e addition of salt from sea ice production, m ixed layer
w ater is transform ed into a num ber, n s, of different w ater types w ith higher salinity
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Figure 24. Schematic representation of the shelf circulation as it is
depicted in the model (from Becker and Bjork, 1994).
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th a n th e m ixed layer b u t lower th a n a prescribed maxim um salinity. Each of these
different w ater types is then interleaved in th e model w ater column a t th e level of
neutral buoyancy. The flow of the shelf waters is also prescribed to decrease linearly
w ith the salinity. A certain am ount of ice production, Q{s, is needed in order to
raise th e salinity to th e higher values (com pared to S m) in the shelf inflows. This
ice production represents an additional ice export volume to the export, Qi, from
the net grow th of th e ice sheet.
Since th e model is one dimensional in th e vertical it can only resolve vertical
(upw ard or downward) velocity which, when m ultiplied by the area, yields a vertical
transport of mass. Outflow from the model generates an upw ard tran sp o rt which
is zero at th e surface and increases downward, finally equaling th e to tal outflow at
the top of th e A tlantic layer as seen in Figure 25. The inflows, Bering Strait and
rivers, on th e other hand, give rise to a downward tran sp o rt which is constant with
depth. At the lowest levels in the model, the upw ard tran sp o rt due to outflow and
the downward tran sp o rt due to inflows will alm ost exactly com pensate each other
resulting in nearly zero vertical transport.
The shelf circulation is an internal circulation only, so no w ater enters or leaves
the basin, and th e vertical tran sp o rt is exactly zero, by definition, below th e lowest
shelf inflow. T he variation of the vertical tran sp o rt w ith depth due to the shelf
circulation is as follows: removing mixed layer w ater in order to form shelf inflows
gives rise to an upw ard tran sp o rt at th e base of the mixed layer equal to Qs. This
upw ard tran sp o rt decreases stepwise w ith depth at each level where a shelf inflow
occurs.
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The vertical tran sp o rt due to outflow alone is denoted as Q vg, and th a t due to
shelf circulation as Qvs. Knowledge of the structure of Qvg and Q vs helps later when
interpreting th e residence tim es in the system because these are closely connected
to the vertical transports.
The present model differs from the version in Bjork (1989) on th e following two
points. F irst, because this modification of th e model utilizes tim e varying inputs
of freshwater runoff and Bering Strait flow, the variation of basin area w ith depth,
the hypsographic curve in Figure 26, has been incorporated because it is necessary
to have th e correct volume for each layer in order to get th e correct tim e scales
when dealing w ith transient inputs. Second, th e flow at th e m axim um salinity of
the shelf outflow is no longer zero at the maximum defined value of the salinity S'.,.
Instead, th e flow has a finite value at maximum salinity. This change was introduced
because it gives a larger shelf inflow at the highest salinities as indicated from the
observed tritiu m data. This change also gives a more exact definition to th e flow
curve because the salinity, S s h e l f , where th e extrapolated flow curve intersects the
x-axis, can be interpret as th e maximum salinity water type produced on th e shelf.
This value can eventually be com pared w ith observed d a ta and S a, th e salinity of
the shelf outflow, can then be interpreted as th e salinity of this w ater after it has
entrained some am bient w ater during the descent through th e halocline. Values of
selected key constants and param eters used in the model are presented in Table
5. The model contains some numerical diffusion which makes th e effective vertical
diffusion to 1 x 10-5 m 2 s-2 (Bjork, 1989). T he specified vertical diffusivity is in
keeping w ith values from D ’A saro and M orrison (1992). T he salinity of th e shelf
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Figure 25. Model generated steady state profiles of salinity and tem 
perature com pared w ith spatially averaged d ata (Bjork, 1989) from
7 locations around th e Arctic Ocean. T he right h an d panel depicts
the vertical tran sp o rts involved in th e shelf circulation, Qvs, and the
geostrophic outflow, Q vg. Note th a t the two tran sp o rts balance, and
the point where the curves cross is a t the bottom of th e surface mixed
layer (from Becker an d Bjork, 1994).
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Figure 26. Hypsographic curve for th e upper A rctic ocean. The curve
was generated from th e DBDB-5 bathym etric d a ta base by summing
the area functions from 4 sectors around th e n o rth pole: (83°N 90°W
- 93°E.), (70°N 90°E - 180°E), (66°N 180°W - 125°W), (78°N 125°W
- 90°W) where the longitudes are for the southern corners for each
sector. The to ta l model surface area is 6.76 x 1012 m 2 (from Becker
and Bjork, 1994).
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Table 5. M odel C onstants and Param eters.
Item
A

Value

Q uantity

U nits

6.7 x 1012

m2

Basin area.

dz

2

m

Vertical resolution.

D

1 x 10 "5

m 2 s -1

Vertical diffusivity.

Sa

34.8

PSU

Ta

0.5

C°

Qs

0.8 x 106 m 3 s-1

Ss

34.68

PSU

A tlantic w ater salinity.
A tlantic w ater tem perature.
Total shelf outflow.
Max. salinity in shelf outflow.

outflow is based on observations by Melling and Lewis (1982)

6.3 M odel Forcing
The model is forced by m onthly values of runoff Q f, ice production Pi, Bering Strait
inflow (Qb), salinity (St) and tem perature (Tj) and m ixing wind W \ q. The ice speed
is related to the wind speed by a seasonal dependent param eter A o . M onthly values
of all these quantities are presented in Table 6.

6.4 M odel Validity D om ain
Since the model uses a lower boundary condition of an infinite reservoir of Atlantic
water, a horizontal level will exist in the model below which th e model calculated
tim e scales are not valid. By definition, in the A tlantic layer, all th e model timescales go to infinity which is not realistic. In order to determ ine a level below which
the model tim e scales are not valid, th e 0°C' level (at about 250 m) which is the
usual definition for th e boundary of th e A tlantic layer was chosen. Going shallower
by 100 m eters establishes a conservative margin. Consequently, the model is held
to be valid at least down to 150 m eters.
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Table 6. M onthly values of all quantities used in th e m odel tracer
studies.
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For this 1-dimensional model to be valid in th e Arctic Ocean, th e travel tim e
for a w ater parcel across the basin a t a particular level m ust be shorter th an th e
residence tim e at th a t level. Otherwise, the system will not have enough tim e to
m ix out horizontal property gradients before th e different w ater parcels leave the
basin. If the travel tim e for water parcels is nearly equal to the residence tim e, then
horizontal gradients th a t could form geostrophic currents are more likely.
T he travel tim e for a parcel to cross the A rctic Ocean can be estim ated from
the propagation tim e for an intrusion in a stratified fluid. The propagation speed
U for an intrusion can be estim ated by the formula:

U = 0.25 H N

(9)

where H is th e thickness of the intrusion and N is the buoyancy frequency (Turner,
1973). In Turner this formula is used in connection w ith the w ithdraw al or intrusion
of fluid from a stratified interior since there is an exact symmetry between the scaling
of an inflow problem and the scaling of an outflow problem (Im berger et al., 1976).
For th e Arctic Ocean w ith an intrusion thickness of 10 m and a typical buoyancy
frequency in th e halocline of N = 0.01 s-1 , U is about 2.5 cm s- 1 . W ith a basin
size of about 1500 km the estim ated travel time across the basin would be about 2
years, which is much shorter than th e residence tim e estimates. One can therefore
expect th a t this 1-dimensional model works well for th e Arctic Ocean.

6.5 Stead y S tate R esults
W hen th e model is run with the sam e forcing each year, it will ultim ately reach
a steady state. The e-folding time scale for the evolution of the model freshwater
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content (th e difference between th e initial an d final freshw ater content) from the
initial state is about 40 years. T he model generated salinity and tem perature profiles
after 100 years together w ith th e spatially averaged d ata from 7 stations in th e Arctic
Ocean are shown in Figure 25.
The m odel and th e d a ta generally correspond well for salinity and tem perature
which indicates th a t the steady state properties of th e real system are well described
by the model. This correspondence might be merely fortuitous because th e results
do not assure th a t all th e fluxes in th e system have correct values in th e model.
The outflow from a certain level in th e model could be too low com pared to the
real outflow, if this error is com pensated by a lower inflow at the same level, giving
correct tem p eratu re and salinity values. The risk of such anomalous model behavior
is elim inated if the model is also able to sim ulate concentration profiles of a transient
or tim e-dependent tracer.

6.6 A rctic Tritium: M odel and Observations
Bomb test tritiu m first appeared in th e Arctic runoff around 1953. The concentra
tion has some early small peaks during the period 1954-1960 before the m ajor peak
occurred in 1963. Since th e atm ospheric bom b test ban in 1963, the tritiu m concen
tration in runoff has decayed in a nearly exponential m anner. Tritium has a half-life
of 12.43 years. Tritium concentration is expressed in Tritium Units (TU ) ( 1 TU =
7.088 dpm / kg (water)). Because tritiu m decays to 3helium , the tr itiu m /3helium
ratio can be used to determ ine th e age of w ater in the ocean. Published observations
of tritium in th e Arctic Ocean exist from at least 1973 to th e present (O stlund and
Grail, 1993).
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Since tritiu m has a transient source function, it is a useful tracer for testing the
time dependent properties of circulation models. W hile th is concept was presaged
by earlier studies (e.g. P atin , 1963), this technique has been utilized here for the
first tim e to verify a 1-dimensional model.
T he tritiu m runoff source function is given in Table 7. It is th e sam e as in
Davy et al. (1993) b u t has been extrapolated assum ing ju st radioactive decay from
1978 to 1985, reflecting source term decline due to the cessation of atm ospheric
testing. T he tritiu m concentration in the Bering S trait inflow is set by determ ining
the fresh w ater fraction in the Bering S trait inflow and assigning it th e sam e tri
tium concentration as found in lower latitude rivers. This procedure can be partly
verified by using the few existing tritium d a ta from Bering Strait. D ata from two
stations sam pled in 1977 exist (64.01°N 172.09°W, 65.37°N 168.31°W). T he mean
tritium concentration at these two stations (three depths) are 7.69 TU and 8.21 TU
respectively. T he fresh w ater fraction Bering S trait inflow is 0.075, and th e tritiu m
concentration in the N orthern rivers was 95 TU during 1977 (O stlund an d H ut,
1984). This gives 7.1 TU for the tritium concentration in th e Bering Strait inflow
to th e model. W hile this is not conclusive, there are no other comparison stations
near Bering S trait to check this value. The concentration of tritiu m in the newly
formed ice is th e same as in the mixed layer, and th e new ice is mixed w ith th e old
ice in order to obtain th e bulk concentration for th e to tal sea ice volume.
The m odel is ru n for 133 years with th e sam e forcing except for th e tritiu m
forcing each year. T he first 100 years are used as initialization, after which the model
is in equilibrium w ith respect to tem perature and salinity. After the initialization,
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Table 7. Tritium Source level in Tritium Units (TU ) after Davy et
al. (1993). The values have been extrapolated from 1978 to 1985 by
radioactive decay, reflecting source term decline due to th e cessation
of atm ospheric testing.
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Date

TU

Date

TU

1953

21

1970

326

1954

225

1971

341

1955

131

1972

258

1956

196

1973

222

1957

175

1974

184

1958

475

1975

151

1959

573

1976

119

1960

380

1977

95

1961

430

1978

90

1962

1120

1979

85

1963

2739

1980

80

1964

2421

1981

76

1965

1645

1982

71

1966

1111

1983

67

1967

710

1984

64

1968

492

1985

60

1969

397
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the observed tritiu m in p u t is started, and th e ru n continues for another 33 years.
Tritium undergoes radioactive decay as well as being exported from th e model
dom ain in ice and th e outflow a t various depths.
T he tritiu m history in Arctic Ocean w ater com puted by the model is presented
in Figure 27. At the surface it reaches a maxim um around 1965 w ith a concentration
close to 40 TU. T he concentration declines w ith depth, decreasing to only about
20 TU as a maxim um concentration at 100 meter. T he different shelf inflows are
clearly visible at the lower levels.
Com paring the model profiles w ith d a ta from 1973 (Fig. 28) an d 1985 (Fig.
29) shows th a t the model tritiu m values are generally in agreement w ith observed
values, while there is indication of some m ism atch at lower levels. It is, however,
h ard to make a quantitative assessment of the m odel’s perform ance because of
the sparseness of tritiu m data. It is also not clear th a t the observations from the
Beaufort Sea (AIW EX and Beaufort Sea in Fig. 30) are fully representative as a
spatial average for the Arctic Ocean as a whole. The model results an d tritiu m d ata
seem to be close enough to say th a t the model depicted fluxes are representative
of the fluxes in the real system. Thus, th e model can be used to establish “best
available” estim ates of th e residence time a t different levels in th e A rctic Ocean.
6.7 E s tim a te s o f T im e S cales a t D iffe re n t L evels
The transient behavior of the model is nicely dem onstrated if an in ert tracer is
injected for a short period of tim e at a given level and followed as it spreads through
the w ater column. The result from such an experim ent is shown in Fig. 30 where
a tracer of unit concentration has been supplied to th e river w ater during one
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Figure 27. M odel sim ulated tritiu m evolution in the Arctic Ocean
(from Becker and Bjork, 1994).
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Figure 28. Model generated tritiu m profile for 1973 an d tritiu m d ata
(O stlund and Grail, 1993) from th e T3 ice island (83.3°N 85.24°W)
(from Becker and Bjork, 1994).
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Figure 29. Model generated tritiu m profile for 1985 and tritiu m d ata
(O stlund and Grail, 1993) from three locations in th e Beaufort Sea
(78.31°N 122.47°W, 71.10°N 133.42°W, 71.41°N 134.22°W) an d from
three positions of the A IW EX camp (74.10°N 144.23°W, 74.05°N
144.21°W, 74.02 °N 144.56°W) (from Becker and Bjork, 1994).
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tim e step. The figure then shows th e tim e evolution of th e tracer concentration at
different levels (from zero to 160 m). Imm ediately at th e surface, th e concentration
increases as a step function a t t

= 0 and then decays much m ore quickly th an

a exponential decrease (note th e log scale on the concentration axis). T he reason
for this rapid decrease is th a t th e tracer is removed from th e mixed layer b o th by
direct outflow and through shelf circulation. At levels below th e mixed layer, the
tracer concentration increases gradually due to the shelf inflows, reaches a m axim um
after some tim e and then decreases exponentially. T h e m axim um concentration
decreases w ith depth, while th e tim e to reach m axim um concentration increases
w ith depth. One sees clearly th a t th e system time-rate-of-change increases as a
function of depth. Two tim e scales can be defined from Fig. 31: Tmax , th e time
needed to reach the m axim um concentration Cmax and, Tres, the time-scale needed
to reduce th e concentration from th e maximum concentration Cmax to 1/e times
C m

a x •

Tres is then th e e-folding or th e residence time m entioned in the introduction.
A nother n atu ral time-scale is th e outflow time-scale, Toue, which is simply th e vol
um e of each dep th interval divided by th e outflow from th e interval. Vertical profiles
of these two tim e scales are shown in Fig. 31.
Tres is about 5 years in th e mixed layer and about 100 years a t 150 m. T here
fore, it takes about 5 years to reduce th e concentration by 1 /e in the mixed layer
and 100 years a t 150 m. Some of the mixed layer w ater leaves the basin, and some
will be partitioned by the shelf circulation to be tran sp o rted to several deeper levels.
This partitioning is the reason why the outflow time scale Tout is longer th a n Tre.,.
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Figure 30. Time evolution of tracer concentration a t different levels
when a tracer with concentration 1 is injected in th e river w ater during
1 tim e step (from Becker and Bjork, 1994).
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Figure 31. Trca and Tout as a function of depth. Tres is th e e-folding
tim e scale for th e subsequent tracer concentration decline a t a given
depth after th e maximum is reached. Tout is based on th e outflow
Qout from each level (Tresi = V o li/Q outi) is reached. Tout is based
on the outflow Qout from each level (TTesi = V o li/Q 0Uti) where i is
an index of each level (from Becker and Bjork, 1994).
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It takes a longer tim e for th e tracer to leave th e mixed layer by pure outflow alone
th a n by a com bination of outflow and shelf circulation. Tout is about 20 years in
the surface layer.

6.8 C om parison W ith O bserved Tracer A ges
An extensive com parison between model derived and observed tracer ages was not
possible due to th e sparseness of published observations. These observations are
lim ited to th e d a ta set of tritiu m vintage ages by O stlund (1984) and O stlund
and G rail (1994), together w ith th e single station d a ta by Schlosser tt al. (1993).
However, these are th e benchm ark d a ta for estim ates of freshwater residence time
in th e Arctic and, though sparse, are the only com parable values.
By determ ining th e tritiu m concentration in th e freshwater fraction in w ater
samples from th e Arctic Ocean and m atching this concentration w ith th e source
function for river w ater, it is possible to determ ine a tritiu m vintage age for th e water
sample. The freshwater fraction is determ ined from th e ratios of a com bination of
salinity, tritiu m and 180 as described in O stlund and H ut (1984). T he concept of
the tritiu m vintage age was originally developed by O stlund (1982) and is used as
an estim ate for th e residence tim e of th e freshwater com ponent in the Arctic Ocean.
As th e tritiu m m ethod provides a means to date th e river w ater fraction in a
w ater sample, a com parable m ethod to date river w ater in the model is needed in
order to com pare ages. D ating of th e river w ater in th e model may be accomplished
by assigning the tracer concentration from each year of river outflow to a separate
state variable (profile) in th e model. This means th a t th e river outflow during year
1, for instance, will result in a unique tracer profile from th a t particular year. This

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

130

particular profile of vintage 1 is then followed through tim e in th e model. The
tracer outflow from year 2 results in a new profile of vintage 2 which is followed
through tim e, and so on. R unning this procedure over a num ber of years produces a
model vintage distribution (or equivalently age distribution) of tracer concentration
a t each depth which m ay be com pared w ith observations.
An example of these distributions is shown in Figure 32 for river w ater tracer of
concentration 1 supplied during one year for each vintage. T he experim ent was run
during 38 years, thus resulting in 38 vintages. The age is defined such th a t the last
river w ater tracer introduced has vintage age zero. As th e river w ater concentration
is the same for each year, the age distribution gives the relative am ount of each
vintage, and the sum of all th e vintages gives the total am ount of river w ater at
each level.

These distributions show th e previously described properties of the

model w ith a short residence tim e a t the surface resulting in a rapid decrease in
concentration w ith age. The concentration at deeper levels increases initially with
age, up to a m axim um due to the shelf inflows, followed by a slow decrease with
age (vertical lines). The to tal am ount of river w ater decreases m onotonically with
depth.
In order to com pare th e model ages w ith observed ages, for example th e tritium
vintage age, th e weighted m ean age from each distribution should be used. A mean
age is w hat is actually observed in th e ocean because one p articular sample will
contain w ater of m any different ages due to advection and m ixing processes which
are not resolved by th e dating procedure (see also Thiele and Sarm iento, (1990)
and Wallace et a l, (1992) for a discussion of m ixing effects on tracer ages). The
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Figure 32. V intage distribution of a freshwater tracer of concentration
1 for each year for a 38 year model run. Age is defined so th a t th e
m ost recent vintage has age 0. Age distribution gives the relative
am ount of each vintage at a level. The vintage sum at any level is
th e freshwater to ta l a t th a t level. The black dots give the m ean age.
(from Becker and Bjork, 1994).
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model m ean ages are also p lo tted in Figure 33 (solid circles) w here th e value on
the concentration axis is the to tal river w ater content divided by 10. The mean
age increases much m ore slowly w ith depth com pared to th e residence times in Fig.
31. The m ean age from the model is 8.7 years at th e surface an d 21.7 years at 160
m. These values com pare relatively well with observed tritiu m ages, taking into
account th e relatively large uncertainties in dating by this m ethod. O stlund (1982)
got ages in the range 9 to 17 years for selected locations in th e central Arctic Ocean
w ith some indication of increasing age with depth.
It is also possible to com pare th e model results w ith other types of tracer ratio
derived ages which result from calculating the tim e elapsed since a w ater parcel
left the surface. Examples of such tracer ages used for dating th e A rctic Ocean are
the tritiu m /3He age and ages defined from ratios of different anthropogenic gases
(e.g. chloro-fluro carbon (CFC) ages) such as the C 14/ F - l l ratio. These ages are,
by definition, zero at the surface. The tritiu m /3He age comes from the decay of
tritium to 3He. 3He created in th e surface is rapidly lost to th e atm osphere setting
the tritiu m /3He clock to zero while the decay product will rem ain in th e water mass
below the surface and thus provide a measure of th e tim e elapsed since the w ater
parcel left the surface. The CFC ages use levels of anthropogenic gas concentra
tions in the atm osphere w ith unique time histories. The concentrations of CFCs in
surface w ater is assumed to follow the atmospheric concentrations.' By comparing
the concentrations in samples from below the surface w ith the atm ospheric source
function, it is possible to derive th e time elapsed since the parcel left the surface.
Only comparisons w ith th e tritiu m /3He age were done because different age de
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term inations should ideally give identical results, were it not for methodological
uncertainties and constrains.
In order to sim ulate the behavior of tracer ages like the tr itiu m /3He age in
the model, the concentrations in th e inflows and at the surface were set to unit
value during year 1, and the tracer in p u t during this tim e interval was associated
with a unique state variable (i.e. tracer profile) (Fig. 33). At th e end of year 1,
the surface and the inflow concentration is set to zero for this variable, and time
evolution of the tracer concentration from this particular year is th en followed by
the model. At th e beginning of year 2 a new tracer variable is introduced w ith unit
concentration in the surface an d inflows which is set to zero at th e end of year 2 and
so on. T he result is age distributions similar to the ones in Fig. 32 w ith th e m ajor
difference th a t th e concentration is zero by definition a t th e surface except for age
0 which has u nit concentration. The weighted m ean age of tracers should be used
for comparisons w ith observations in th e same way as w ith th e tritiu m vintage age
above. T he m ean ages in this case are 1.0 year at th e surface and 18.4 years at 160
meters.
It is possible to obtain a direct comparison between model generated weighted
mean ages and observed tracer ages from station 371, the n orthern m ost station
(86°N, 22°E) during the 1987 section across the Nansen Basin in th e A rctic Ocean
from which bo th th e tritiu m vintage ages and the tritiu m /3He ages are published
(Schlosser et al. 1993). Such a comparison is shown in Figure 34 for b o th the
tritium vintage age vs depth (Fig. 34a) and the tritiu m /3He vs d epth (Fig. 34b.
The model ages differ, when com pared to this particular station, by about five years
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Figure 33. V intage distribution of tritiu m /3He in m odel runs. Tracer
concentration is toggled between 1 and 0 at the beginning of the year
and end of the year and th a t years concentration is followed through
tim e in th e model. This procedure is followed for each year of th e
model run. T he m ean concentration at the surface is 0 except for th e
most recent year when it is 1. T he black dots give th e m ean age (from
Becker and Bjork, 1994).
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a t m id-depth for b o th tracers, b u t above 50 m and below 150 m th e correspondence
is quite close. However, the tracer derived ages at depth differ considerably from
the model estim ated residence tim e of 8.7 years at the surface an d 21.7 years at 160
m in the preceding section even though th e same model dynam ics are utilized and
th e correspondence to observed values is good above 50 m and below 150 m.
These few observations show th a t the model com puted ages are in general
agreement w ith a range of observations from the Arctic Ocean. Thus, having es
tablished some confidence th a t present model m ean ages are close to the observed
tracer ages, it is possible to draw some conclusions of how th e m ean age is related
to the residence time.
One im portant conclusion is th a t it is not possible to determ ine the residence
tim e at different levels in th e A rctic Ocean from tracer age inform ation alone. In
order to do so, one actually requires the age distribution in each sample since it is
the shape of th e age distribution th a t determines the residence tim e, not the average
age. S tated in another way: one needs to know how fast th e different vintages are
removed from any given level in th e w ater column to determ ine th e average age
distribution over th e w ater column. In the upper 50 m of th e w ater column where
the residence times according to th e model are quite short, th e observed tracer ages
m ay be close to the residence tim e because the e-folding tim e for th e distribution
and the m ean age may have sim ilar values. This is, however, not known a priori.
At lower levels, where th e age distribution is almost flat, th e mean age rep
resents only about half of th e m axim um age detectable by th e tracer. This is the
inherent problem w ith using m odels which assume no exchange w ith surrounding
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Figure 34.

Comparison of model weighted mean T ritium (a) an d

tritiu m /3He (b) ages and observations from station 371 (Schlosser
et a/., 1993) (86°N, 22°E). The model generally corresponds w ith
observations above 70m and below 150m and b u t yields values 5 years
older a t 100m (from Becker and Bjork, 1994).
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w ater masses during tran sit across th e Arctic basin.

6.9 A rctic Freshwater
The Arctic Ocean pool of freshw ater is th e potential source for salinity anomalies
in the Nordic Seas and th e N orth A tlantic (A agaard and Carm ack, 1989). In this
context it is of interest to investigate th e dynam ical time scales of our model and see
how these will affect th e transm ission through the system of a dynam ically active
“tracer” such as freshwater. T h e m ain question will be to find o u t w hat fraction of
variations in th e freshwater inflow show up as variations in th e freshwater outflow.
In order to com pute th e tran sfer function for freshwater fluctuations, the standard
river inflow was m odulated by a low frequency signal with a period of 5 to 100 yrs
and an am plitude of about 10% of th e maximum inflow. T he rate of transfer of
this variation was determ ined as the ratio between the river flow fluctuations and
the fluctuation in the to tal freshwater outflow (w ater plus ice). This was a control
experim ent to see how th e model would respond to smoothly tim e varying inputs
of freshwater instead of th e observed irregular discharge. T h e transfer function
in Figure 35 shows th a t th e model dam ps out variations w ith periods shorter than
several decades. In order to get more th a t half of the signal through, th e period must
be longer th an 30 years. T he reason for this strong dam ping is th a t it takes several
decades of freshwater inputs a t a 10% elevated discharge level to fill th e freshwater
pool in th e model to a level where the inflow m atches the outflow. Vertical mixing
in the model, driven by shelf circulation, removes some of th e freshwater from the
surface mixed layer and some is removed as ice.
The im pact of the transfer function on realistic fluctuations in th e freshwater
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Figure 35. Transfer function for variations in th e freshwater inflow
with a period of from 0 to 100 years. Shown is th e ratio of A in/ A out
where A{n is th e am plitude of th e freshwater inflow and A out is th e
am plitude of the variation of the freshwater outflow (freshwater plus
ice)(from Becker and Bjork, 1994).
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Figure 36. Tim e series of the freshwater inflow to th e A rctic Ocean
(rivers and Bering S trait fresh w ater fraction) and th e m odel sim ulated
outflow (freshwater plus ice) during the period 1943-1987 (from Becker
and Bjork, 1994).
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supply is shown in Figure 36 where observed time series of river runoff along w ith
Bering S trait flow and salinity between 1943-1987 has been used as forcing for the
model. As can be expected, very little of the fluctuations in the influx shows up as
fluctuations in th e outflow. This result shows clearly th a t it is unlikely th a t inflow
anomalies could be the sole direct cause for th e observed freshwater anomalies in the
seas which are th e freshwater recipients for th e Arctic Ocean. The m odel freshwater
outp u t in Fig. 36 does not show any significant change in output prior to the “G reat
Salinity Anomaly” in 1968. The model does have a increase of 6% in freshwater
outflow in 1947 as a result of a large, combined freshwater input, and there is a
0.1 salinity drop a t Ocean W eather Station A lpha in the Greenland Sea 7 years
later (Taylor and Stevens, 1980). A much more likely cause is anomalies in the
wind field which can generate wind forced pulses of outflow from th e brackish layer
into th e G reenland Sea. Such anomalous wind events which correlate well with
salinity anomalies have been found (Walsh and C hapm an, 1990). M odel studies by
Hakkinen (1993) also suggest th a t wind events can be the source of tran sp o rt of
fresh w ater anomalies to the Greenland Sea.

6.10 D iscussion
A simple 1-dimensional model can successfully depict th e average m ixed layer tem 
peratu re and salinity for the Arctic Ocean and reproduce the dynamics of the mixed
layer when driven w ith historical observations. T he m odel’s ability to generally re
produce the complexities of the tritium distribution in th e mixed layer gives some
additional assurance th a t the physics and forcing axe b o th correctly param eterized.
T he key to th e success of the model lies in a therm ohaline driven shelf circula-
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tion loop w ith a net tran sp o rt of 0.8 Sv which m aintains th e observed tem perature
and salinity structure in the m ixed layer over the A tlantic layer of th e Arctic Ocean.
Although the Arctic Ocean contains over 37% shallow shelves (< 100m), not all of
this area participates equally in th e production of either ice or ice derived brines
from shelf polynyas, nor is th e interannual production consistent. Thus, the model
produced Arctic average profile of a tracer like tritiu m will have features slightly
different from those a t specific locations or times b u t will contain th e m ajority of
the observed features in one profile.
The correspondence between th e model and observations will be b etter in the
surface layers th a n a t greater depths since the volume of the shelf outflows, which
feed the lower layers, will vary w ith location around th e perim eter of the Arctic
Ocean and the prescribed to tal shelf out flow in the model will n ot be a good match.
The only area of the Arctic Ocean conspicuously lacking in continental shelf area
is th e region along th e C anadian Archipelago and northern Greenland. Tritium
observations from the Beaufort Gyre downstream of this area have high values at
a depth of 150m-200m, outside th e model’s validity domain. These higher values
are not predicted well by th e model, indicating a possible error in a source term
for tritium , greater shelf circulation th an specified in the model from the Chukchi
Sea, slower outflow from the lower layers of the Beaufort Gyre th an predicted, or a
com bination of these an d /o r o th er factors. Were more extensive chloro-flourocarbon
(CFC) d ata available for the central Arctic basins, it would be an interesting exercise
to compare modeled versus observed distribution of this passive tracer.
As previously noted, a large percentage of the Arctic O cean consists of conti
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nental shelves. The large flux of freshwater from rivers tran sits th e shelves to enter
the m ixed layer of th e central A rctic Basin during th e sum m er period of high runoff.
The freshw ater may also recirculate onto th e shelves during th e annual sea ice pro
duction cycle as sea ice brine enriched surface water. This recirculation “loop” can
significantly alter the residence tim e for freshwater in th e Arctic Ocean.
Since th e model treats the Arctic as a single large basin to produce average
values, it does not com pensate for th e asym m etric distribution of freshw ater sources
and continental shelf areas. It does include th e annually varying wind stress events
but does not allow for observed asym m etric and interannually varying wind fields.
Further, th e tim e scales of vertical and horizontal circulation are dependent on the
rates of th e inflow and outflow into th e Arctic Ocean from th e N orth Atlantic.
These rates are thought to be dependent on even larger scale atm ospheric processes
(Treshnikov and Baranov, 1972; Ivanov, 1962).
T hus, some regional effects th a t influence freshwater residence tim es may be
poorly represented in the model.

Resolution of these and other defects in the

detailed representation of the surface layers of th e Arctic Ocean above th e Atlantic
layer are anticipated in future developments of this model. Separation of th e present
single m odel basin into two or m ore individual basins to b etter include regional
effects is an obvious starting place.

6.11 C onclusions
The results from this 1-dimensional model suggest th a t freshw ater from runoff has
a residence tim e of about 10 years in th e surface layers of th e Arctic Ocean. The
model derived residence tim e is in agreem ent w ith literature values for th e surface
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layer derived from tritium and chemical tracers. Since the m odel derived residence
tim e for th e depths larger th an 50 m are significantly longer th a n those indicated
by chemical and radio tracers, and th e model offers a plausible explanation for the
discrepancy, we feel th a t additional consideration of the problem is in order.
W hile a to tal shelf recirculation value is specified in the m odel, th e redistribu
tion of the shelf circulation specified in the model is controlled by th e form ation of
the annual ice cover. Thus it seems th a t a portion of the freshw ater from runoff
is probably recirculated over th e continental shelves by a therm ohaline circulation
of about 0.8 Sv. This portion m ay be significant to the tem porary storage of envi
ronm entally sensitive compounds like radionucleides or im p o rtan t ones like carbon
in th e mixed layer, but a t th e model indicated levels of less th a n 0.001% of the
to tal annual fresh w ater discharge it is probably not a significant enough fraction
to suggest a sink of freshwater from runoff.
T he model results suggest th a t th e A rctic Ocean freshwater outflow is relatively
insensitive to 10-20% interannual changes in th e freshwater influx. However, it
should be noted th a t both th e model derived and observed m ean residence tim e
for fresh w ater in the top 40 m is less th a n five years and th a t over 90% of the
freshw ater rem ains in the top 50 m. T hus, while th e 1-2 year intrusion model value
underestim ates th e travel tim e, it does suggest th a t the freshwater from runoff may
be an com ponent in the form ation of density gradients in th e surface mixed layer
for a t least a 1-2 year period. Since a t least one observational study suggests th a t
the tim e involved for tran sit of w ater density anomalies across th e Arctic Ocean is
on th e order of 5 years, it rem ains an open question as to w hat effects could occur
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during longer intervals (Gudkovich and Nikiforov, 1965).
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C hapter 7. D iscussion
Everywhere
connections,
combinations,
fluid transitions.
H eraclitus (B.C. 500)

7.1 M odeling in Lieu o f O bservations
T his study is an attem p t to utilize th e principles of physics and th e tim e series of
available observations to sim ulate Arctic Ocean vertical density stru ctu re, evaluate
the sim ulation validity w ith direct observations, and then m anipulate it to examine
the effects from runoff. T he ability to m anipulate th e elements, to tu rn off and
on, a t will, the various forcing term s in th e numerical models, is a powerful tool
for the analysis of ocean dynamics. However, it is also a potential tra p for the
unwary. T he num erical models and sometimes th e com puter systems they ru n on
become far more complex th an can be encom passed by any one individual’s efforts
and talents, and thus th e model operation is not always directly under th e control
of th e experim enter.
T he contributions of this study are: th e quantification of the long te rm Arctic
m onthly runoff discharge and Bering S trait freshwater fluxes; th e foresight th a t a
1-dimensional num erical model could sim ulate a tim e varying system th e originator
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had not anticipated; and th e analysis an d comparison of th e model results w ith
observations. The quantification of m onthly runoff and Bering S trait freshwater
flux was a conventional d a ta analysis com pounded by an unconventional d ata access
problem. Once d a ta became available through th e relaxation of political restrictions
on direct collaboration between American and Russian scientists, analysis proceeded
along conventional lines of establishing m easures of central tendency and analysis
for trends in tim e and frequency domains.
Applying these d ata sets to a num erical model consisted partly in determ in
ing, w ith th e modeler, th a t th e model could be utilized to examine the specific
phenom ena required and p artly in determ ining w hat simplifying assum ptions had
been utilized to make the model work an d how these assum ptions would affect the
results obtained. These assum ptions are th e potential tra p for th e unwary men
tioned above.

Since th e model utilized was specifically designed to analyze the

factors m aintaining Arctic mixed layer characteristics when ru n to a steady state
and not th e effect of th e m onthly Arctic hydrological cycle, th e experim enter m ust
be careful n ot to overstate th e results.

Selection of tunable model param eters,

depth intervals and tim e steps can have a significant effect on model results th a t
can heighten or mask results. However, this model can be used as an analytical
tool to de-em phasize unlikely axeas for effects from runoff and indicate others th a t
might have been overlooked because of th e very complex interactions present.

7.2 M odel C om parisons and A pproaches
T he 1-dimensional mixed layer model produces m onthly averages of salinity
and tem p eratu re for th e whole Arctic surface layer to 200 m and can be run on
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desktop w orkstations for as m any years as we have d a ta to force it with. It is
relatively simple to run and change, although it has probably been pushed to its
reasonable limits in this study.
The 1-dimensional m odel results in C hapter 6 suggest th a t the m ajority of
freshwater from runolf stays in th e surface mixed layer w ith a e-folding tim e of five
years. The model results also indicate a small b u t significant am ount is involved in
a recirculation loop of about 0.8 Sv between th e deep basins and the continental
shelves but th a t this does not represent a m ajor sink of freshw ater from runoff. This
recirculation mechanism is critical to the m aintenance of th e cold halocline in the
model representation of th e A rctic Ocean and simulates th e observed effect of shelf
polynyas and shelf ice production observed in th e Arctic Ocean.
The model results in C h ap ter 6 suggest th a t th e Arctic O cean freshwater o u t
flow is relatively insensitive to step changes in th e freshwater runoff influx at the
levels of 10-20% observed in th e interannual variation of th e sum m ed discharges
in C hapter 3. This does not indicate th a t effects from freshw ater runoff are unim 
p o rtan t to th e circulation in th e Arctic Ocean. T he 1-dimensional model assumes
horizontal homogeneity in th e ocean, and b o th th e asym m etrical distribution of
large rivers about th e Arctic rim and the irregular discharge p a tte rn s of individual
rivers suggest th a t horizontal inhomogeniety of freshwater d istribution in the Arctic
surface mixed layer is possible. Note th a t b oth the model derived and the observed
mean residence tim e for fresh w ater in the top 40 m is less th a n five years and th a t
most of the freshwater rem ains in the top 50 m. Thus, while th e 1-2 year travel
time suggested by the hypothetical intrusion paradigm we utilized in C hapter 6
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may underestim ate th e travel time, it does suggest th a t th e freshwater from runoff
can be an active com ponent in the form ation of density gradients in the surface
mixed layer for a t least a 1-2 year period. Since at least one observational study
suggests th a t the tim e involved for tran sit of w ater density anomalies across the
Arctic Ocean is only 5 years, w hat affects could occur during such an interval needs
to be determ ined (Gudkovich and Nikiforov, 1965b). To do th a t, requires a model
th a t reflects spatial differences in quantity and tim ing of freshw ater flux for periods
of m ore th a n two years.
The model results in C hapter 6 clearly suggest th a t short term freshwater runoff
discharge variations of 10-20% with durations of less th an 30 years will not alone
directly affect th e freshwater discharge a t Fram S trait. For th e 50 years length of
runoff discharge records th a t exist, th a t is all th a t can be said. As noted in the
analysis of th e river discharge d a ta in C hapter 3, th ere is no evidence of a cyclic
component of 10-20 years in the runoff data, and th e length of the runoff record
will not support analysis a t periods longer th an th at.
The model results in C hapter 6 and th e recent hydrographic observations from
th e ODEN-91 expedition do support th e hypothesis th a t Bering S trait inflow is
responsible for th e thickness of the cold halocline while th e salinity of the cold
halocline is determ ined by the shelf circulation described in th e model (Anderson et
a l, 1994). Since th e surface mixed layer rides on top of the cold halocline, combined
periods of high runoff discharge and high Bering S trait inflow (e.g. 1947-1953 in
Figs. 11 and 21) could have resulted in an increased discharge of freshwater at Fram
S trait up to five years later. Analyses of surface salinity from the Ocean W eather
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S tation A lpha in th e G reenland Sea support this hypothesis (Taylor and Stephens,
1980). During th e spring, sum m er and fall of 1955-1958 series low surface salinities
were recorded. However, there is no similarly observed occurrence prior to the well
studied “G reat Salinity Anomaly” 1974-1991 (Dickson et al., 1988). The model
results suggest th a t high runoff discharge may be a necessary b u t n o t a sufficient
condition for high surface freshw ater discharge at Fram Strait.
T he 1-dimensional model results in C hapter 6 say nothing ab o u t how runoff
m ight affect th e form ation of currents. T he model results an d observations do
support the concept th a t freshw ater runoff persists in the to p 50 m of th e Arctic
Ocean long enough to form density gradients th a t might affect th e form ation of
currents and not so long th a t, given the observed velocity regime and stability of th e
A rctic surface layer, density gradients might be dissipated by m olecular diffusion,
tidal or wind mixing. In order to examine the form ation of currents a 3-dimensional
atm osphere/ice/circulation m odel like the Polar Ice Prediction System (PIPS) needs
to be utilized (Cheng and Preller, 1992).
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Chapter 8. Conclusions
Experience never errs; it is only your
judgments that err by promising
themselves effects such as are not
caused by your experiments.
Leonardo da Vinci (1452-1519)

8.1 A ttained Goals
This study has assembled a d a ta set of hydrological and hydrographic time
series d a ta th a t can be used to realistically force num erical models. A 1-dimensional
num erical model of th e A rctic mixed layer has been modified for forcing by the
newly created observation tim e series and used to dem onstrate th a t the Arctic
hydrological cycle alone cannot create the salinity anom alies in th e northern N orth
A tlantic observed by Dickson et al. (1988) to estim ate th e residence tim e of runoff
in the A rctic basin and to explain ambiguities in previous estim ates m ade using
chemical tracers.

8.2 Freshwater Fluxes
This study establishes two freshwater flux tim e series for th e Arctic: runoff
and th e freshwater fraction in th e Bering S trait flow. T he values are m ean m onthly
fluxes based on observations recovered from previously unavailable R ussian litera
tu re sources or derived from Russian literature sources com bined w ith proxy d ata
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from recent research. These results represent both a direct extension to cu rren t
knowledge as well as totally new data. The results allowed extension of existing
tim e series to a length which enabled analysis for decadal trends and establishm ent
of consistent annual and m onthly m ean discharges for the m ajor rivers entering th e
A rctic Ocean. T he estim ated 15 year m ean annual runoff discharge to the A rctic
Ocean for th e period 1973-1987 is 2646 km3 y r-1 with a standard deviation of 150
km 3 y r-1 and a coefficient of variation of 0.06 which compares well w ith Treshnikov
(1985) b u t is about 8% less th an Ivanov (1994), although th e latter is for a different
tim e period.

8.3 M odel R esults
Since th e prim ary goal of this study was to establish the effect of runoff on
circulation on th e shelves and in th e central A rctic Basin, collaboration w ith an o th er
researcher resulted in utilizing the newly established time series and m ean discharges
to force a 1-dimensional numerical model of th e Arctic Ocean surface mixed layer.
These model results have been used to establish residence times for runoff from th e
surface down to 200 m in th e Arctic at five to about 200 years (dependent on d ep th ).
T he model residence tim e results were com pared to observations utilizing tracers
and were used to help explain am biguities in previous residence times derived from
tracer age studies using th e 1-dimensional model.
Finally, the results indicate th a t th e outflow of freshwater (i.e. freshwater + ice)
from the model, when forced with the observed inflows of freshwater to th e A rctic
over the 44 year period 1943-1987, does not reflect more th an a 6% change. T h e
6% change reflects a 3 year peak change of up to 50% over the previous level in th e
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freshwater inflow (rivers + Bering S trait freshwater) in 1947. Model results indicate
th a t the Arctic Ocean should be relatively insensitive to short term fluctuations in
freshwater in p u t b u t will respond proportionally to longer term fluctuations.

8.4 Future Studies
Since lim ited knowledge about how freshwater runoff traverses th e continental
shelves to enter the central A rctic basin exists, three areas stan d out for future
studies:
• Expand the 1-dimensional model by using smaller coupled model domains
to improve resolution of th e mixed layer variability over th e Arctic. Compare the
model results to the surface mixed layer in a 3-dimensional model (PIPS).
• Make ten year runs w ith a 3-dimensional model to explore th e effects of runoff
on flow on the continental shelves, in the central basin and at Pram Strait. At the
moment, this requires only obtaining sufficient atm ospheric forcing o u tp u t from the
Navy NOGAPS wind model to get longer ru n times on th e P IP S model.
• Use recently acquired m ean daily river discharge d a ta to enable daily river
model forcing variability for a 3-dimensional model viz the present m ean monthly
forcing. This will allow resolution of the im portant 3-day equinoctial storm fre
quencies which im pact runoff discharge to th e coastal zone.
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A p p en d ix A
Soviet W ater R esources H andbook D ata

The Soviet W ater Resources Handbook (SW RH) has n o t been generally available
to researchers previous to this study. It has been available in the Lenin Library,
Moscow, as p art of th e Soviet C adaster System since th e program was form ulated in
early 1972. (For a review of the Soviet C adaster System, see Rusinov et al., 1978).
We include below th e complete m ean m onthly discharges for all of th e Eurasian
rivers in the SWRH used in this study below. Discharges axe m ean m onthly values
in m 3 s - 1 . The form at for each river is:
A header for each river containing the cadaster statio n number, river nam e, obser
vation point watershed area in km 2 and th e year th a t observations started .
A line consisting of th e year, followed by th e 12 m ean m onthly discharges starting
w ith the value for Jan u ary and proceeding through th e year to December.
The value -999 indicates a missing observation.
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70842

ONEGA

POROG

55,700

1943

1943 168 130 125 682 2330 573 599 257 189 233 174 135
1944 122 118 112 152 1970 1070 393 200 224 240 194 122
1945 109 97.2 97.2 108 1450 1030 462 235 381 858 479 221
1946 162 127

125 205 2580 916

345

230 221185172 162

1947 127 112

104 305 1960 649

266

199 182362265 214

1948 164 136

129 746 1910 620

380

238 261624698 332

1949 238 192

158 726 2130 529

453

219 193304264 165

1950 148 126

117 832 1000 645

364

184 159193153 149

1951 135 126 121 1110 1160 1270 452 288 217 224 163 138
1952 130 117

108 211 2130 1120 336219 465 670286 201

1953 166 141

123 1030 2090 891 388 301 305 514 305 219

1954 170 145 128 183 1550 669 295 332 276 467 774 309
1955 172 156 115 225 2810 1420 601 286 230 344 315 180
1956 131 99.2 92.2 97.8 1090 592 316 540 581 642 298 212
1957 172 165

146 162 2840

861 455 440 622 1040757337

1958 270 209

176 218 2510 1350 462 368 303 402405 200

1959 172 151 140 248 1870 533 429 236 249 374 236 153
1960 127 103 100 516 791 488 402 176 240 324 269 173
1961 153 124 128 127 2760 1200 482 889 1190 619 382 227
1962 200 179 169 1300 2310 609 697 415 929 701 690 324
1963 200 176 141 385 2040 574 627 301 254 334 338 239
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1964 190 147 127 187 2180 780 352 222 221 287 304 193
1965 172 146 132 285 1670 735 566 409 259 407 394 219
1966 165 126 129 275 3100 1650 651 391 392 1130 640 205
1967 169 147 150 776 1420 685 368 214 259 327 534 239
1968 174 149 144 388 2930 1100 446 329 282 363 301 210
1969 163 136 123 423 2070 903 430 233 338 639 607 677
1970 286 203 170 385 1860 727 305 240 476 729 349 207
1971 177 187 173 208 2410 1150 459 358 441 627 431 275
1972 175 139 128 202 1620 847 275 187 156 179 180 347
1973 198 144 127 1040 1470 395 199 165 178 225 196 151
1974 113 110 109 133 1840 1190 357 275 219 185 203 176
1975 181 172 159 1190 1280 364 271 193 185 214 187 138
1976 119 87.7' 86J6 254 1860 1040 750 620 820 418 208 156
1977 110 87.7'86.'4 352 1690 854 371 292 436 734 885 549
1978 291 158 130 308 1140 1000 591 513 722 881 832 493
1979 270 228 195 192 2280 697 668 412 346 506 380 360
1980 190 141 132 220 1740 614 282 191 185 161 143 150
1981 144 144 123 133 2390 1270 439 261 270 398 635 270
1982 199 160 137 376 2190 656 291 207 200 289 519 481
1983 289 176 145 1660 1340 444 346 281 243 901 758 425
1984 283 200 171 542 2050 556 319 413 451 761 601 275
1985
1986 131 111 92 A:423i 178CI 630 269 196 609 682 613 382
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1987 207 148 129 148 1550 870 646 397 319 269 155 118
1988 103 87.4 85.7 326 1700 767 353 595 632 570 391 274
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N.DVINA

U ST ’-PINEGA

348,000

1882

1936 1660 1340 1040 2110 14700 3470 1720 1090 1140 1450 1910 1060
1937 927 684 571 4700 5830 3270 1290 901 790 1090 838 529
1938 458 437 468 1480 10900 3490 3310 1130 893 999 675 1040
1939 585 441 447 541 12900 8870 3900 1470 1300 1570 1540 827
1940 744 537 472 905 12000 7600 2430 1690 1720 1700 625 744
1941 576 464 464 488 8040 14000 4050 1450 3750 2990 2130 775
1942 756 622 582 910 12400 8840 3300 3090 1530 2840 3400 1900
1943 1320 903 820 3010 17300 4420 2500 1360 2180 3430 1160 833
1944 714 630 582 630 15400 7690 3240 1960 2130 1980 824 567
1945 588 553 499 554 7930 8630 2520 1600 1990 3420 2760 2100
1946 1420 1080 881 1100 17900 7620 1720 1170 1300 1230 945 863
1947 642 534 445 977 19000 7600 2240 1410 1570 2740 2050 1340
1948 1040 752 664 5340 13600 4430 3120 2790 2070 3770 4180 2040
1949 1620 1190 885 2730 1850 4560 1960 1290 1210 2100 2540 973
1950 705 535 487 4540 8920 5970 3850 2340 1370 2330 1050 929
1951 738 640 558 8290 7800 5580 3370 3530 1340 1790 842 838
1952 772 773 703 687 12500 14600 3570 2880 7580 8510 2280 1650
1953 1340 1060 884 8040 15000 5420 1850 1500 2700 4200 1590 1280
1954 1060 870 758 1330 12400 5360 2320 1660 1560 3080 3510 1270
1955 1200 913 699 983 20800 7950 3850 1870 1320 2260 2500 1220
1956 804 570 540 579 11100 6070 1900 4180 3430 3630 4630 1260
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1957 997 851 759 743 19200 6840 4430 1720 1670 4630 5020 1370
1958 1230 1010 823 844 17200 10500 3010 1890 1600 2520 2470 978
1959 898 727 713 1190 14200 4130 2320 1150 1620 2160 945 833
1960 702 534 480 3440 9120 3680 2200 1030 1130 1240 1050 1010
1961 751 633 540 565 16300 11800 2550 2160 3290 2440 1840 1020
1962 868 785 727 5860 15600 3710 2810 2150 3560 3180 3470 1230
1963 1200 803 680 1400 10800

33304280 1600 1310 1990 1690 1490

1964 1110 846 655 1110 14500

7690 1930 1290 1770 3230 2290 1310

1965 965 711 579 884 11600 7210 2700 2670 1960 3090 3320 1220
1966 1160 854 654 2900 19500 8720 2140 1270 1800 4860 2220 957
1967 838 665 694 4460 7640 2710 1660 1210 1190 1650 2840 1010
1968 890 687 656 2040 17400 8100 2330 2950 1700 2430 1300 1200
1969 910 702 607 1280 12200 6320 3420 1850 2290 2620 2400 2970
1970 1080 881 731 2070 11300 6670 2350 1550 1600 2870 2010 1290
1971 1070 1050 735 1040 12000 10100 3050 2060 1800 1950 1760 1390
1972 921 705 590 896 11900 10400 1990 1150 977 1400 1110 1530
1973 1070 705 594 5910 10100

2300 1180 1150 2020 2010 1440 1040

1974 950 835 728 1160 17900 11700 1730 1180 1120 1060 786 933
1975 885 740 653 6150 8820 2690 1730 1030 1070 1180 886 873
1976 775 594 549 1020 15800 8700 5000 1910 1940 1510 993 942
1977 713 628 576 1590 12700 4610 1320 1170 1360 2550 4110 3120
1978 1340 961 805 2310 9900 8250 4980 2580 2950 3920 3160 1550
1979 1220 956 827 856 14800 6460 2870 1890 1830 2280 2320 1490
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1980 925 738 694 928 14100 5580 2580 1720 1630 1860 1510 1410
1981 1160 1020 880 893 14800 9250 2110 1520 1640 1800 2510 1220
1982 1060 814 708 1690 14700 4810 2790 1770 1730 1780 3230 2340
1983 1680 1300 988 10900 9300 3240 2650 1970 1610 3040 3020 1610
1984 1490 1190 967 1820 13100 3830 3470 2300 2780 2870 2170 1230
1985
1986 1000 893 769 1950 17800 6070 3050 1790 2610 3430 3210 1520
1987 1330 896 759 980 13100 7310 4570 4800 2920 2390 1010 926
1988 794 698 641 1550 12500 5560 1920 1690 1770 2000 1220 1170
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70844

MEZEN

MALONISOGORSKAYA

56,400

1921

1936 134 132 138 269 2660 728 397 164 156 265 522 219
1937 152 105 102 725 1490 591 188 131 139 172 244 161
1938 101 96.7’ 97. 7 231 1630 614 721 266 347 469 374 502
1939 203 169 148 154 1560 2500 1190 310 638 566 451 256
1940 170 119 103 142 1860 1470 518 464 504 371 235 184
1941 139 128 105 100 1690 2700 844 333 1660 820 337 254
1942 163 124 108 187 2640 1760 1080 907 497 646 434 275
1943 182 147 127 307 3950 691 416 302 566 963 337 286
1944 209 164 135 144 3150 814 368 321 669 472 281 168
1945 125 110 106 114 1050 1850 372 332 564 888 340 254
1946 168 142 127 140 3990 1570 288 190 177 167 149 146
1947 121 112 n o 174 3250 1680 309 218 200 331 222 184
1948 120 110 125 340 2720 606 816 956 656 886 825 396
1949 295 242 182 315 4400 1200 539 391 351 1200 854 258
1950 193 161 182 1350 1890 1530 849 412 367 594 290 246
1951 205 181 173 1490 1280 1220 969 743 481 538 492 354
1952 239 212 177 180 968 3490 623 686 1010 1100 253 202
1953 147 135 131 1690 3100 698 389 246 316 351 216 171
1954 152 129 119 175 2900 1150 394 206 318 445 260 156
1955 138 130 120 228 3770 1000 400 278 352 709 474 180
1956 113 99.2: 94.!9 102 1940 930 598 898 760 954 268 175
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1957 146 119 116 131 3650 1070 894 256 658 1390 1230 299
1958 207 172 148 148 2910 2610 500 421 369 632 476 190
1959 143 130 129 125 2700 880 440 218 568 655 280 171
1960 134 111 103 670 2060 1270 595 227 236 228 290 184
1961 142 122 114 119 2920 2330 727 284 688 540 524 230
1962 174 164 143 1460 2800 731 364 402 603 622 848 266
1963 204 154 124 255 2060 586 1300 365 534 817 423 278
1964 173 154 126 154 3810 1460 424 278 539 812 627 267
1965 175 139 114 161 2580 1040 714 360 517 780 548 259
1966 192 136 118 224 3890 2320 398 376 969 1520 465 236
1967 136 119 121 1090 2340 676 432 250 315 641 674 244
1968 165 133 130 149 2830 1210 473 543 346 319 232 185
1969 142 109 103 134 2070 2330 731 400 818 406 240 323
1970 144 135 127 161 2370 1500 468 304 399 811 407 262
1971 179 163 130 137 1160 3780 1350 749 550 529 401 256
1972 167 135 129 156 1220 3510 409 287 213 635 337 241
1973 191 147 121 965 3110 711 251 320 770 352 284 219
1974 161 141 130 172 2580 2570 388 261 385 322 219 181
1975 169 154 131 650 2880 1340 792 263 318 578 347 271
1976 206 154 136 187 3520 1950 1020 353 657 385 246 227
1977 162 142 133 315 2630 815 291 307 551 564 599 397
1978 196 153 137 219 1990 2000 474 310 300 490 404 244
1979 125 105 102 104 3100 1410 535 381 637 419 274 245
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1980 174 136 129 171 2740 1290 500 234 299 344 206 193
1981 158 147 147 142 2720 2160 386 231 422 507 748 263
1982 197 166 152 259 3540 619 513 251 532 363 533 493
1983 266 192 161 2130 2390 789 741 439 398 910 566 303
1984 268 221 176 213 3310 559 657 757 864 292 351 283
1985
1986 140 126 109 130 3390 1640 647 237 431 609 350 275
1987 148 118 119 121 2560 940 863 1150 745 484 187 123
1988 108 90.5 89.10 193 1980 1020 277 215 281 408 233 169
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70850

PEC H O R A

U ST’-TSILJM A

248,000

1932

1936 568 424 363 413 6160 13900 2280 1380 1890 4080 1320 912
1937 524 331 353 685 4900 15500 3920 1380 981 2400 2320 826
1938 550 409 327 489 11000 6130 3790 1920 2030 2220 1210 921
1939 553 410 316 478 4520 23700 5820 3840 5340 2880 1140 827
1940 534 377 393 488 4410 15800 6770 1910 1280 1320 741 693
1941 490 370 273 251 5720 16200 4570 1460 2320 2380 808 691
1942 489 421 257 314 5150 17600 4360 2360 3660 1890 838 621
1943 455 346 295 498 15700 9730 3670 1850 2470 5990 2070 1280
1944 789 563 452 446 9590 11000 5450 3240 5660 3820 1820 803
1945 533 421 358 371 2000 14500 3030 1770 2430 3860 1840 1040
1946 766 582 425 426 10800 12400 5550 1600 1340 779 457 305
1947 426 399 353 404 10400 12300 3450 2180 1870 2270 989 822
1948 606 515 448 472 12300 8550 3660 3850 2110 3600 3220 1150
1949 754 604 495 434 12400 11400 5930 3210 2760 5320 3160 1360
1950 788 429 250 2410 13500 11800 3 4 5 0 2540 2260 3060 1040 787
1951 550 428 369 4390 8990 9500 5060 4420 4130 5170 1560 1200
1952 864 684 556 484 2090 24100 2780 1680 4540 3560 1420 853
1953 579 468 418 4000 10200 6300 2420 1290 3390 2620 1250 816
1954 588 463 406 638 11000 11400 4810 1450 2610 2880 1280 990
1955 712 580 481 878 15000 5700 2610 1890 3130 4500 2320 1150
1956 774 625 497 488 8560 10300 4330 3190 5570 5460 1160 933
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1957 735 656 589 543 15000 9030 4960 1340 2570 3420 3010 1430
1958 988 793 588 552 6790

23300 5740 28402460 3550 1520

966

1959 760 593 566 531 11200 13100 4450 2010 2510 2670 1150 814
1960 663 540 461 633 7270

14800 3690 13401360 1580 1090

843

1961 655 541 490 537 6280

19900 4990 15201950 2670 2740

928

1962 688 579 555 1580 18400 8790 3670 3080 3550 4080 2250 1280
1963 911 702 562 544 12100 11900 4430 2830 3020 3450 1450 1260
1964 757 616 565 508 8580

15500 2960 19403380 3980 1600

1010

1965 696 584 464 480 8050

11500 6550 4950 4720 4060 1380

1050

1966 783 658 515 715 9180

17600 3150 23505750 4980 1800

1310

1967 735 621 549 1500 15400 8630 3780 1270 1160 3130 4000 1100
1968 887 627 510 547 10600 11600 4610 3090 2940 2240 1080 811
1969 607 479 438 431 2200

14500 10200 3040 5170 1780 925

814

1970 548 458 443 499 2960

15300 3740 17201480 2010 1770

1000

1971 773 599 566 567 2370

18700 8790 28904120 2250 1470

1250

1972 847 724 620 615 1790

21600 8120 19802350 1940 1140

968

1973 778 703 685 1390 13900 13700 2540 1620 2250 1540 1400 1050
1974 822 706 638 672 6540 19200 4030 1500 2610 2480 1050 873
1975 721 669 571 1190 8900 12600 9590 2880 3560 3560 1630 1340
1976 965 735 614 665 10400 13400 4020 1290 3050 1760 1100 978
1977 789 601 498 636 13700 7410 1950 1150 2290 2130 1210 1280
1978 773 664 583 649 2560 14200 11800 2580 1690 1770 1090 950
1979 815 737 611 613 13100 11000 5340 5170 5520 3500 1320 1200
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1980 802 711 662 865 7470 9490 3190 1280 1960 2290 1070 1120
1981 842 663 577 524 5620 20300 4780 1970 2720 2800 1990 903
1982 807 581 496 644 17400 7000 4660 2480 4580 1940 1500 1340
1983 946 832 712 1680 10500 16000 4950 3280 4670 5140 2160 1280
1984 1000 768 684 609 9770 14300 5470 1770 3360 1400 906 590
1985
1986 545 460 412 439 9180 15700 5860 2790 4900 1980 1130 1140
1987 745 521 495 487 12300 10100 7220 3680 2260 1700 978 810
1988 586 500 477 582 6350 16000 4000 1460 1240 3330 1190 971
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70850

PEC H O R A

U ST ’-TSILJM A

248,000

1932

1936 568 424 363 413 6160 13900 2280 1380 1890 4080 1320 912
1937 524 331 353 685 4900 15500 3920 1380 981 2400 2320 826
1938 550 409 327 489 11000 6130 3790 1920 2030 2220 1210 921
1939 553 410 316 478 4520 23700 5820 3840 5340 2880 1140 827
1940 534 377 393 488 4410 15800 6770 1910 1280 1320 741 693
1941 490 370 273 251 5720 16200 4570 1460 2320 2380 808 691
1942 489 421 257 314 5150 17600 4360 2360 3660 1890 838 621
1943 455 346 295 498 15700 9730 3670 1850 2470 5990 2070 1280
1944 789 563 452 446 9590 11000 5450 3240 5660 3820 1820 803
1945 533 421 358 371 2000 14500 3030 1770 2430 3860 1840 1040
1946 766 582 425 426 10800 12400 5550 1600 1340 779 457 305
1947 426 399 353 404 10400 12300 3450 2180 1870 2270 989 822
1948 606 515 448 472 12300 8550 3660 3850 2110 3600 3220 1150
1949 754 604 495 434 12400 11400 5930 3210 2760 5320 3160 1360
1950 788 429 250 2410 13500 11800 3450 2540 2260 3060 1040 787
1951 550 428 369 4390 8990 9500 5060 4420 4130 5170 1560 1200
1952 864 684 556 484 2090 24100 2780 1680 4540 3560 1420 853
1953 579 468 418 4000 10200 6300 2420 1290 3390 2620 1250 816
1954 588 463 406 638 11000 11400 4810 1450 2610 2880 1280 990
1955 712 580 481 878 15000 5700 2610 1890 3130 4500 2320 1150
1956 774 625 497 488 8560 10300 4330 3190 5570 5460 1160 933
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1957 735 656 589 543 15000 9030 4960 1340 2570 3420 3010 1430
1958 988 793 588 552 6790 23300 5740 2840 2460 3550 1520 966
1959 760 593 566 531 11200 13100 4450 2010 2510 2670 1150 814
1960 663 540 461 633 7270 14800 3690 1340 1360 1580 1090 843
1961 655 541 490 537 6280 19900 4990 1520 1950 2670 2740 928
1962 688 579 555 1580 18400 8790

3670 3080 355040802250 1280

1963 911 702 562 544 12100 11900

4430 2830 302034501450 1260

1964 757 616 565 508 8580 15500 2960 1940 3380 3980 1600 1010
1965 696 584 464 480 8050 11500 6550 4950 4720 4060 1380 1050
1966 783 658 515 715 9180 17600 3150 2350 5750 4980 1800 1310
1967 735 621 549 1500 15400 8630

3780 1270 116031304000 1100

1968 887 627 510 547 10600 11600

4610 3090 294022401080 811

1969 607 479 438 431 2200 14500 10200 3040 5170 1780 925 814
1970 548 458 443 499 2960 15300 3740 1720 1480 2010 1770 1000
1971 773 599 566 567 2370 18700 8790 2890 4120 2250 1470 1250
1972 847 724 620 615 1790 21600 8120 1980 2350 1940 1140 968
1973 778 703 685 1390 13900 13700 2540 1620 2250 1540 1400 1050
1974 822 706 638 672 6540 19200 4030 1500 2610 2480 1050 873
1975 721 669 571 1190 8900 12600

9590 2880 356035601630 1340

1976 965 735 614 665 10400 13400

4020 1290 305017601100 978

1977 789 601 498 636 13700 7410 1950 1150 2290 2130 1210 1280
1978 773 664 583 649 2560 14200 11800 2580 1690 1770 1090 950
1979 815 737 611 613 13100 11000 5340 5170 5520 3500 1320 1200
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1980 802 711 662 865 7470 9490 3190 1280 1960 2290 1070 1120
1981 842 663 577 524 5620 20300 4780 1970 2720 2800 1990 903
1982 807 581 496 644 17400 7000 4660 2480 4580 1940 1500 1340
1983 946 832 712 1680 10500 16000 4950 3280 4670 5140 2160 1280
1984 1000 768 684 609 9770 14300 5470 1770 3360 1400 906 590
1985
1986 545 460 412 439 9180 15700 5860 2790 4900 1980 1130 1140
1987 745 521 495 487 12300 10100 7220 3680 2260 1700 978 810
1988 586 500 477 582 6350 16000 4000 1460 1240 3330 1190 971
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09803

YENISEY

IGARKA

2,440,000

1936

1936 4060 3910 3740 4020 17600 90900 36700 25400 18700 16600 6140 5030
1937 5540 5280 5020 4470 31000 76800 28800 23100 21000 18300 5760 4790
1938 5440 5250 4720 4820 49500 62800 27600 17100 16800 14600 6550 5160
1939 5400 5220 4830 5000 34400 70600 24800 18100 19300 13500 5260 4690
1940 4580 4230 3730 4550 25700 74100 32100 17400 15300 14400 6840 5140
1941 5070 4840 4280 4020 26200 90000 29000 22700 19300 16200 6180 5350
1942 5120 5000 4570 3870 25000 75000 27400 18200 19900 12000 5060 4460
1943 4230 4040 4160 4000 56000 43600 23400 15400 13000 14500 5700 4910
1944 4700 4550 4080 4040 33600 69400 30600 25600 23800 20800 6530 5050
1945 5350 4840 4510 3790 50800 41900 19800 14900 13200 15000 7520 5240
1946 4620 4310 4080 4080 29400 76200 33100 20200 17700 13700 5850 4200
1947 4830 4450 3770 4520 61300 54900 25600 16500 19600 15600 6930 4790
1948 4240 3800 3380 3330 18400 81000 34800 20800 19300 15600 6860 4240
1949 4960 4840 4310 4060 54100 66900 29500 20200 17400 15500 7100 5100
1950 4550 4170 3900 3250 29800 80100 25000 14000 15500 14000 6100 4960
1951 4400 3770 3610 3610 40600 80700 28400 17100 18400 13600 7430 5250
1952 5120 4510 3900 3340 25100 81400 30700 23900 19500 15200 6860 5650
1953 5300 5000 4940 3910 40700 65700 20200 16800 18600 13400 5670 5560
1954 5380 4250 4330 3120 19300 66400 26300 21900 17100 14300 6200 4840
1955 5200 4190 3420 3280 24700 75400 25700 16100 14800 14600 6990 4350
1956 4000 3840 3750 3850 14300 76900 25100 18800 16200 12900 6240 4840
1957 4420 4160 3910 3680 13700 86200 22300 13300 15400 14000 5950 4690
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1958 4860 4640 4240 3920 19400 100000 25000 16900 19900 13500 6440 4800
1959 4760 4730 4550 3610 12600 112000 30600 16900 17000 14000 5290 4770
1960 4720 4420 4150 4040 15100 79300 24800 20600 20300 14700 5460 4830
1961 5360 5470 5020 4570 30800 75200 33900 24400 19500 13200 5400 4460
1962 4260 4350 4320 4190 27700 78400 30700 16000 15600 11100 4650 4370
1963 4270 3810 3780 4080 15100 97200 32300 20500 22300 18500 5740 5500
1964 5500 4930 4430 4290 32800 75600 24400 15900 14500 11600 4640 4500
1965 5040 4760 4600 4500 28500 71400 26400 14800 18300 17900 5680 4920
1966 4760 4500 4220 4140 6180 77200 35300 18700 18600 13100 4920 4390
1967 4630 5100 4630 3280 65000 50600 21700 13100 14500 12500 7540 4950
1968 4940 5320 6070 6440 20300 57500 34700 15800 14200 11400 4790 5080
1969 6700 6800 6600 6900 20800 92700 21500 16800 15600 9840 5500 5100
1970 6200 7210 6630 8050 11200 67400 33200 18100 16700 11400 6690 6320
1971 6670 7500 7960 8020 24100 72700 22200 14100 15600 13600 7820 6240
1972 6920 7660 7740 8220 12400 73700 22200 16200 16900 13100 5660 6130
1973 7300 7400 7760 9060 23300 93300 25200 15700 15200 13000 7450 6860
1974 7890 8790 8970 8860 24700 88800 32200 24000 21500 14700 6110 5070
1975 6300 7260 7140 8050 32300 95900 26200 17100 19600 18500 6390 6450
1976 7130 6990 6710 6420 16300 80500 18600 14300 15700 12300 6680 5610
1977 6250 7380 7340 7120 31600 82900 21900 14800 16800 10300 7180 5730
1978 7170 7570 8360 8630 19800 99000 26000 15400 16400 17400 6150 5630
1979 7370 7650 6580 6580 14800 102000 24100 12000 12000 10800 7050 6910
1980 7700 8130 7660 7750 14400 80400 22600 19300 17600 11400 4910 5590
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1981 7410 8160 8410 9260 42100 65900 24800 13600 11900 8220 6050 6180
1982 7430 7110 5660 5790 35600 68000 17900 13700 15500 11100 8860 6760
1983 7030 6730 6490 7020 11500 107000 30800 16000 14900 12000 8080 7760
1984 8120 8120 8400 8150 34100 76400 19400 15300 13500 11000 11300 8480
1985 8400 8590 9250 8570 18000 73600 18600 15600 20500 14500 7290 6820
1986 7730 8900 9280 9240 22600 88500 22300 20200 17600 18400 8060 7940
1987 7560 9020 8600 9820 18400 67200 30000 17200 13800 11700 8130 6960
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03821

LENA

KUSUR

2,430,000

1934

1936 2910 2130 1520 1210 7310 63700 37900 23200 27300 18200 3940 3400
1937 3320 2420 1620 1160 4530 64300 33500 27300 36000 19100 3270 2770
1938 2960 2020 1340 914 4640 84400 52700 39600 22900 13300 3020 2670
1939 2470 1460 1030 1120 5210 70500 28800 27700 20800 10800 2250 2720
1940 2430 1410 903 429 563 64700 33100 26800 19600 9830 2200 2040
1941 2390 1770 1360 1100 2380 77900 30800 16000 15900 9880 2260 2320
1942 1980 1370 1100 1010 2790 62500 38800 26600 28000 11300 2590 2570
1943 2290 1020 970 829 32000 44400 35200 22900 20900 19400 2620 1960
1944 2020 1120 692 877 4200 95900 41400 34000 26600 13800 3540 2670
1945 2540 1800 1080 798 3060 66400 30800 29100 24400 10100 2410 2080
1946 1530 1390 1160 1000 1120 62200 47900 30400 24300 13600 2770 2250
1947 2530 1870 1400 1200 7360 72700 29300 13600 21000 20000 4950 2430
1948 2110 1490 1210 1080 3090 80400 32200 27100 25600 16300 4020 2940
1949 3310 2470 2040 1600 4240 91300 39600 25500 34700 21700 5180 3150
1950 2870 2140 1450 1190 2680 74000 30900 25400 21700 10800 2330 2450
1951 2210 1560 1090 895 2210 83000 44000 34600 29800 18200 2830 2270
1952 2600 2220 1610 1210 5220 78200 42500 26400 26700 13100 3520 3350
1953 2900 1960 1290 1130 10200 66100 26400 19200 22600 15800 2720 2560
1954 2500 1760 1260 955 1180 61900 39600 18300 17600 9250 2300 2200
1955 1950 1360 948 776 1900 87600 29400 25600 21700 11100 2350 2050
1956 1890 1470 1040 887 951 66400 45300 21800 27300 12600 3700 3490
1957 2980 2250 1570 1180 2940 80500 32900 31000 15700 12900 4770 2920
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1958 2570 2250 1670 1350 2580 79400 49300 36300 21000 16300 3550 3140
1959 2950 2160 1650 1330 4350 80700 33600 32600 35300 18400 3490 3070
1960 3060 2160 1400 1120 2970 65100 36300 27600 30000 15400 3620 3410
1961 3260 2680 2050 1660 2040 80400 56100 37800 29200 17600 3540 3400
1962 3460 2690 1900 1510 4770 84600 52200 27300 16000 11000 3910 2500
1963 2390 1840 1580 1410 1410 72900 52700 18400 15600 10100 4130 2800
1964 2700 2240 1680 1350 2220 82000 42300 24600 14600 9020 2590 2510
1965 2380 1630 1150 721 2250 62800 45500 28400 26800 13800 4020 2990
1966 2220 1570 1100 924 4130 93100 49200 28200 25400 12700 4500 2930
1967 2600 1830 1260 1170 16200 96600 26100 25800 21800 17400 4590 2480
1968 2390 2010 1670 1230 28800 70200 37700 21800 19100 13000 3520 2840
1969 2460 1520 1200 942 1240 75900 41100 22400 16800 9860 2910 1970
1970 1850 1430 1160 1020 2210 78700 46600 18300 21900 14300 1910 3070
1971 2210 1610 1360 1060 5130 77500 28400 24900 32100 16200 3500 3310
1972 2830 2400 1690 1310 2350 63500 34400 30200 27300 13600 2840 2680
1973 2470 1620 1230 1070 4280 58100 33800 39500 31000 10500 4000 2410
1974 2270 1880 1400 994 2530 81700 52000 38300 23200 16700 6190 4820
1975 2360 2010 1600 1260 15500 68000 34700 25200 32800 13600 3410 2320
1976 2570 2030 1480 1340 2350 66000 50100 24500 26500 11400 3010 1940
1977 1640 1480 1320 1340 6070 71200 40700 28800 26300 15600 2340 1890
1978 2030 1870 1580 1220 1840 87100 58100 35200 23100 11700 2720 2620
1979 2840 2630 1780 1400 4680 74900 25000 22200 32600 15200 4220 3830
1980 3920 2780 2010 1610 3270 72400 52300 28300 17400 9170 3120 2910
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1981 2880 2700

23501780 9520 60500 38700 36200 34400 18300 3520 3130

1982 3790 2670

21801840 4960 74100 47100 32200 32000 14600 3170 3980

1983 3610 2810

22802040 4930 71800 44800 31700 33300 21500 3890 4230

1984 3930 3350 2780 2230 21500 76300 29900 24100 16100 10500 3950 4450
1985 3770 3090

25802110 9570 65200 34600 22000 16100 10700 3170 3060

1986 3070 2710

21901800 1730 68200 30800 12900 14100 8070 3870 3330

1987 3620 2770

20401330 1360 63000 38700 24600 13700 8830 4260 3500

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

192

03871

INDIGIRKA

VORONTSOVO

305,000

1937

1937 55.7 24.6 15.1 11.3 115 3200 3890 2680 1410 345 122 75.3
1938 34.0 16.3 10.9 7.60 7.71 6400 5860 3700 1650 471 164 102
1939 42.5 17.6 11.7 9.25 694 4800 6110 4620 2790 589 155 93.9
1940 36.6 15.9 11.2 8.91 177 6480 4990 3920 2720 385 146 79.5
1941 33.3 17.1 11.8 8.78 20.8 6620 4250 2870 1980 446 132 73.7
1942 31.5 14.9 9.25 7.79 12.0 6000 7070 6430 2580 463 153 110
1943 58.0 26.2 16.2 10.5 1300 5340 5650 3230 1850 972 145 90.4
1944 40.5 18.2 9.71 7.43 1550 5610 6920 3340 2620 776 200 113
1945 52.8 26.6 15.6 11.2 1280 5850 6530 4030 1940 463 136 92.3
1946 43.6 19.5 10.1 7.07 319 4490 6020 5590 2600 433 143 78.7
1947 40.2 23.6 15.1 11.3 11.3 6220 7950 3040 1400 512 120 71.3
1948 36.3 17.6 10.1 6.32 731 4910 3530 2830 2030 352 101 64.7
1949 27.4 15.5 8.69 3.97 130 5240 3640 3830 1990 404 100 68.1
1950 34.0 19.4 11.6 7.56 6.00 5880 6960 5760 2270 381 142 69.6
1951 31.2 21.2 14.9 10.1 41.3 7230 7520 3640 1860 451 117 67.9
1952 25.2 12.4 7.67 5.67 12.1 3970 6200 3790 2040 362 131 79.6
1953 35.9 20.8 12.6 7.71 362 5380 5530 3430 2990 682 136 67.0
1954 41.3 24.2 8.01 4.31 11.2 7550 8580 3780 2710 697 108 74.8
1955 36.8 20.2 13.9 10.6 11.9 4690 3570 2930 1680 292 94.1 75.0
1956 30.3 16.5 11.4 10.4 26.6 6830 4460 2300 1450 312 90.6 60.0
1957 24.0 13.0 7.51 6.76 131 4930 4540 5900 1440 411 107 88.0
1958 35.8 19.5 13.5 7.86 12.7 6800 6640 3450 1680 426 82.1 57.4
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1959 34.0 18.5 10.8 6.80 847 3090 5950 8320 3840 695 180 130
1960 55.6 29.8 18.2 10.2 90.7 5180 4370 3930 2650 427 157 100
1961 45.3 24.3 12.8 8.36 18.6 6580 4880 5960 2110 606 161 91.0
1962 56.2 14.3 3.84 3.28 186 4090 6430 2990 1170 314 121 74.5
1963 55.1 31.2 10.8 6.20 17.3 6860 7830 4020 1450 390 91.6 58.8
1964 40.2 22.1 8.30 6.67 28.3 5880 3950 4170 2670 386 129 66.4
1965 26.5 12.3 6.84 4.48 56.5 6360 5440 2090 1870 403 170 78.7
1966 24.7 11.6 6.51 4.32 220 5650 4760 5480 3360 619 140 81.5
1967 44.4 29.2 16.9 7.98 798 10600 7290 6080 2640 983 219 79.6
1968 39.6 20.7 14.6 12.2 1980 6380 4320 4670 2790 662 175 74.4
1969 35.4 20.5 13.2 7.48 99.1 7370 6600 3410 2530 650 145 75.0
1970 36.7 20.9 14.0 8.21 155 6160 4710 3420 2560 502 110 58.2
1971 34.9 20.0 13.2 7.59 504 3870 3700 4430 1780 420 139 67.5
1972 27.7 13.4 8.68 6.44 434 1990 3710 4390 1940 314 96.4 52.8
1973 26.4 14.2 8.58 6.31 162 4320 2730 3090 2390 859 178 70.8
1974 30.3 17.4 11.5 7.61 483 7590 5980 5200 2840 620 155 70.6
1975 35.5 14.6 9.63 7.62 146 5200 5420 4310 4860 546 173 66.2
1976 28.9 13.4 6.31 3.36 8.86 5140 6340 3090 2640 335 104 66.4
1977 44.3 29.5 18.4 13.4 213 3740 5250 6330 4030 429 148 80.2
1978 41.4 23.9 16.2 9.23 73.0 8360 8370 5450 2380 449 146 63.0
1979 29.9 16.6 11.1 6.40 516 4130 4850 4520 1850 291 86.7 49.9
1980 27.4 17.9 12.2 7.26 32.0 4430 5410 4040 1950 511 83.2 45.7
1981 26.4 16.1 10.3 6.01 283 4460 4510 3840 1630 356 113 54.6
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1982 21.8 12.4 7.05 3.98 90.7 6510 4230 3110 2250 441 88.8 43.8
1983 20.8 12.0 7.27 4.29 407 2470 3510 4330 3990 934 186 75.0
1984 32.0

13.68.11 4.26 412 7440 6940 9650 4740 731 245 111

1985 49.3

28.919.8 11.2 17.6 9110 7060 7860 4620 659 167 92.5

1986 48.1

28.017.4 13.6 25.8 6870 4520 2980 2700 441 110 54.7

1987 27.6

17.211.0 8.56 10.4 5400 5460 4260 3530 424 111 56.6
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01801

KOLYMA

SREDNEKOLYMSK

361,000

1927

1936 98.6 58.8 49.1 42.4 1120 12500 2800 3100 3080 774 353 235
1937 90.3 57.2 48.8 43.3 489 6900 6210 3140 2300 700 302 170
1938 119 86.9 66.7 57.0 65.8 19800 6420 4260 2610 546 241 138
1939 82.7 59.3 48.6 43.3 4330 3930 6140 6820 6370 1770 457 203
1940 114 83.2 71.1 52.7 2900 12700 5530 3990 5080 727 220 176
1941 102 62.1 57.4 52.4 222 12200 7390 4050 4320 2100 357 251
1942 122 78.8 59.1 46.3 64.5 15400 5420 5630 3510 797 287 200
1943 160 101 77.1 71.4 4600 8940 4120 4080 4500 2570 517 297
1944 165 93.5

75.2 64.4 5959 6100 4350 4470 4380 2930 483 378

1945 176 95.7

67.2 58.15000 8060 6070 3790 2880 1000 249 164

1946 108 64.6

58.7 51.22640 8380 5980 3570 3860 1340 351 192

1947 114 76.0

58.6 52.170.8 15100 96104540 2440 823 263 175

1948 130 83.3 56.8 50.3 4010 5050 3030 3890 1930 366 183 142
1949 83.2 60.0 54.7 56.8 1300 7520 2740 2700 1950 332 177 132
1950 84.1 58.2 44.2 34.7 112 15100 9230 9890 4340 494 263 223
1951 124 87.0 70.3 59.8 435 17400 5020 3320 1540 675 279 186
1952 100 69.9 58.2 52.3 73.9 10500 6210 3110 2360 475 262 178
1953 101 68.9 57.7 47.8 2290 8670 5440 4960 3960 931 433 292
1954 129 80.7 58.2 52.6 442 14400 6580 3170 4870 1100 368 228
1955 110 67.7 62.9 48.8 1820 8010 5230 3420 1770 345 233 197
1956 135 104 76.8 69.8 170 19200 6550 2580 2610 434 261 186
1957 106 74.0 65.4 57.8 423 10000 4000 4560 1580 740 291 188
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1958 111 80.9 67.0 57.0 109 11400 5410 4530 2360 652 232 131
1959 84.8 63.1 51.8 46.1 3430 9130 4130 3940 2810 791 248 179
1960 103 73.4 57.6 55.8 194 12200 4370 3260 3590 1050 257 186
1961 117 81.9 65.9 44.2 1130 8940 5330 4280 3100 820 280 162
1962 89.7 67.0 57.5 51.5 3880 10500 6800 4510 1890 457 257 191
1963 121 90.6 64.6 55.3 423 17600

92207030 3010 811 294 204

1964 116 67.1 51.0 49.2 1400 6230

35003670 2530 467 204 175

1965 128 97.3 66.4 52.7 253 12200

43402200 2540 689 310 190

1966 140 127 104 90.1 2010 8890 3280 2540 5070 1210 241 214
1967 124 86.0 76.0 66.4 9060 9240 4790 4720 3210 1040 331 177
1968 93.9 66.7 60.6 53.0 5150 12400 7490 7050 2720 1200 469 201
1969 108 104 90.3 67.3 372 12100 5420 2810 1900 838 209 134
1970 97.5 73.6 53.1 54.3 2890 7820 3270 3650 3390 1690 458 196
1971 109 68.7 60.6 54.4 4060 6090

34702380 1100 510 165 127

1972 101 70.8 60.4 59.0 3000 6260

35903300 5240 826 305 173

1973 98.4 49.4 32.8 31.5 1710 5750 1700 1600 1980 1730 665 283
1974 147 89.3 72.8 63.6 1690 9990 3930 2660 4810 1650 523 214
1975 86.4 64.1 56.2 51.6 2340 9280 4650 3070 8210 1450 377 194
1976
1977
1978
1979
1980 155 123 105 79.2 383 16000 9450 3550 1990 1100 473 228
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1981 138 120 80.4 95.3 3990 5710 2600 3650 2260 1360 460 238
1982 145 104 91.1 78.2 2850 7470 4150 4130 4570 864 301 327
1983 248 97.6 67.3 61.1 1600 5720 2150 3220 2040 665 297 192
1984 149 171 159 72.5 2920 4760 6070 6130 3260 1160 415 301
1985 199 146 145 171 270 22300 8120 5560 3910 1120 318 280
1986 235 178 132 66.7 1470 10400 3480 4940 5850 2570 745 390
1987 265 191 166 89.5 90.6 12400 5570 3520 3570 1090 400 230
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01594

AMGUYEMA

26,700

1944

1944 0.34 0.0 0.0 0.0 14.9 1230 1110 482 431 71.1 22.7 3.38
1945 0.94 0.006 0.0 0.0 9.77 1350 659 387 171 103 18.7 4.19
1946 0.93 0.0 0.0 0.0 46.3 1040 819 416 216 31.8 13.6 6.02
1947 0.35 0.005 0.0 0.001 1.11 2190 1170 820 212 67.6 12.2 0.99
1948 0.0 0.0 0.0 0.0 119 1320 461 398 152 31.5 10.7 2.64
1949 0.0 0.0 0.0 0.0 0.0 991 1330 626 453 46.6 14.3 1.97
1950 0.28 0.001 0.0 0.0 0.0 1170 1630 1290 299 48.1 15.5 6.04
1951 0.0 0.0 0.0 0.0 6.48 1380 1000 792 172 41.3 18.4 2.21
1952 0.0 0.0 0.0 0.0 0.0 722 1410 476 140 49.8 18.8 4.15
1953 0.064 0.0 0.0 0.0 0.0 1290 380

333325 86.6 34.9 5.82

1954 0.26 0.0 0.0 0.0 2.32 1420 688 524505 94.3 32.2 6.91
1955 0.34 0.0 0.0 0.0 0.013 913 588

551211 33.3 4.42 0.83

1956 0.10 0.0 0.0 0.0 0.11 1380 854 563 349 137 49.0 0.36
1957 0.0 0.0 0.0 0.0 0.0 2240 864 911 216 36.8 14.5 3.83
1958 0.13 0.0 0.0 0.0 0.25 1380 861 583 302 92.0 19.4 3.24
1959 0.0 0.0 0.0 0.0 29.3 1510 513 685 360 123 14.8 2.26
1960 0.0 0.0 0.0 0.0 0.080 1530 664 742 280 43.4 16.1 3.68
1961 1.62 0.079 0.0 0.0 70.9 1700 759 646 294 49.1 14.0 1.84
1962 0.0 0.0 0.0 0.0 1.18 2460 1550

775231 58.0 15.0 3.00

1963 0.0 0.0 0.0 0.0 0.50 1600 1060 469270 57.0 16.0 3.50
1964 0.27 0.0 0.0 0.0 20.5 1760 493

326465 93.6 33.1 6.63

1965 0.084 0.0 0.0 0.0 0.0 1100 1540 702 358 51.6 13.4 3.41
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1966 0.12 0.0 0.0 0.0 0.0 2560 921 412 187 25.5 5.89 1.06
1967 0.0 0.0 0.0 0.0 605 1540 644 513 132 49.4 8.00 0.25
1968 0.0 0.0 0.0 0.0 347 864 658 522 239 59.7 13.2 0.54
1969 0.0 0.0 0.0 0.0 36.4 1570 795 234 277 46.8 15.1 3.61
1970 0.37 0.0 0.0 0.0 80.5 1230 580 990 299 72.1 20.3 4.83
1971 2.09 0.12 0.0 0.0 0.039 1420 632 334 117 33.0 14.3 2.34
1972 0.0 0.0 0.0 0.0 17.5 1140 1100 479 431 37.7 21.8 3.82
1973 0.0 0.0 0.0 0.0 0.0 1820 938 336 236 50.2 19.9 4.03
1974 0.0 0.0 0.0 0.0 104 1740 684 482 489 78.0 24.2 7.18
1975 0.56 0.0 0.0 0.0 0.016 1020 644 303 243 60.4 14.4 2.71
1976
1977
1978
1979
1980 0.0 0.0 0.0 0.0 4.73 1520 713 313 124 49.3 8.44 0.079
1981 0.0 0.0 0.0 0.0 31.3 1920 1080 363 245 70.3 18.5 0.77
1982 0.0 0.0 0.0 0.0 0.0 1210 1130 263 127 67.9 20.8 3.27
1983 1.72 0.96 0.17 0.0 0.0 1330 769 392 137 50.5 14.6 2.70
1984 0.081 0.003 0.0 0.0 0.87 1380 475 420 213 71.3 26.8 6.18
1985 1.21 0.0 0.0 0.0 1.31 1180 1480 383 277 36.6 11.5 5.14
1986 1.01 0.0 0.0 0.0 18.3 1300 455 379 197 37.9 11.9 3.50
1987 0.082 0.0 0.0 0.0 38.1 1070 626 423 150 27.2 12.5 0.45
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03802

K atanga

K atan g a 275,000

1961

1961 -999 -999 -999 -999 -999 -999 10200 3020 1660 -999 -999 -999
1962 -999 -999 -999 -999 -999 -999 8380 2180 2230 -999 -999 -999
1963 -999 -999 -999 -999 -999 -999 5490 3870 2660 -999 -999 -999
1964 -999 -999 -999 -999 -999 -999 8620 2720 2230 -999 -999 -999
1965 -999 -999 -999 -999 -999 -999 8940 2820 3410 -999 -999 -999
1966 -999 -999 -999 -999 -999 -999 7820 4330 3340 -999 -999 -999
1967 -999 -999 -999 -999 -999 16300 5170 3070 3160 -999 -999 -999
1968 -999 -999 -999 -999 -999 11000 9730 3870 2400 -999 -999 -999
1969 -999 -999 -999 -999 -999 15300 5540 3360 2210 -999 -999 -999
1970 -999 -999 -999 -999 -999 -999 11400 5680 3480 -999 -999 -999
1971 -999 -999 -999 -999 -999 -999 5610 2740 2850 -999 -999 -999
1972 -999 -999 -999 -999 -999 -999 3660 2270 2100 -999 -999 -999
1973 -999 -999 -999 -999 -999 -999 9380 3370 3670 -999 -999 -999
1974 -999 -999 -999 -999 -999 -999 11200 4000 2670 -999 -999 -999
1975 -999 -999 -999 -999 -999 15500 4780 4380 2210 -999 -999 -999
1976 -999 -999 -999 -999 -999 -999 3970 2420 3320 -999 -999 -999
1977 -999 -999 -999 -999 -999 15800 4600 3350 2420 -999 -999 -999
1978 -999 -999 -999 -999 -999 -999 3740 4090 2230 -999 -999 -999
1979 -999 -999 -999 -999 -999 13600 2890 2620 2270 -999 -999 -999
1980 -999 -999 -999 -999 -999 -999 5840 4770 3800 -999 -999 -999
1981 -999 -999 -999 -999 -999 14700 12000 2310 4050 -999 -999 -999
1982 -999 -999 -999 -999 -999 13900 8130 2720 4130 -999 -999 -999
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1983 -999 -999 -999

-999-999 11500 4920 3650 2910 -999 -999 -999

1884 -999 -999 -999

-999-999 12400 2940 2990 3050 -999 -999 -999

1985 -999 -999 -999

-999-999 13000 4450 2780 2660 -999 -999 -999

1986 -999 -999 -999

-999-999 12600 6470 3990 3310 -999 -999 -999

1987 -999 -999 -999

-999-999 8320 12100 3050 1950 -999 -999 -999
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